Neural mechanisms of conspecific call recognition and female preferences in Túngara frogs, Physalaemus pustulosus by Mangiamele, Lisa Anne
  
 
 
 
 
 
Neural Mechanisms of Conspecific Call Recognition and Female Preferences in Túngara 
Frogs, Physalaemus pustulosus 
 
 
 
 
 
Lisa Anne Mangiamele 
 
 
 
 
A dissertation submitted to the faculty of the University of North Carolina at Chapel Hill in 
partial fulfillment of the requirements for the degree of Doctor of Philosophy in the 
Department of Biology. 
 
 
 
 
 
Chapel Hill 
2010 
 
 
 
 
 
 
 
 
 
       Approved by:  
 
       Sabrina S. Burmeister, Ph.D. 
 
       William M. Kier, Ph.D. 
 
       Karin S. Pfennig, Ph.D. 
 
       Keith W. Sockman, Ph.D. 
 
       R. Haven Wiley, Ph.D. 
!! ii 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
© 2010 
Lisa Anne Mangiamele 
ALL RIGHTS RESERVED
!! iii 
 
 
 
 
 
 
ABSTRACT 
 
Lisa Anne Mangiamele 
 
Neural Mechanisms of Conspecific Call Recognition and Female Preferences in Túngara 
Frogs, Physalaemus pustulosus. 
 
(Under the direction of Dr. Sabrina S. Burmeister) 
 
 
 Females exhibit behavioral preferences for mating with males of their own species, 
and they often prefer conspecific males displaying elaborate sexual signals to males with 
simpler signals. Although female mate preferences have been the subject of many 
theoretical and experimental studies, little attention has been given to understanding the 
neural processes influencing mate choice. To address this gap, my dissertation research 
focused on understanding sensory processing of acoustic male signals in female túngara 
frogs (Physalaemus pustulosus). I used the expression of the activity-regulated genes, egr-1 
and Arc, to characterize neural responses to male signals that vary in their relevance and 
attractiveness to females. I first asked which brain areas process conspecific signals and 
where conspecific recognition may occur. I then asked whether differences in the level of 
neural activity elicited when females hear preferred versus less-preferred conspecific signals 
can explain female mate preferences for certain male callers.  
 I found that neural responses to conspecific signals are widespread in the female 
túngara frog auditory system, as well as in pallial regions that were previously unknown to 
process auditory information. By comparing neural responses to acoustic stimuli that 
females recognize as conspecific signals to stimuli that are not recognized, I determined that 
the laminar nucleus of the torus semicircularis, a subdivision of the auditory midbrain, shows 
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selective responses to stimuli that elicit species recognition. These findings indicate that 
activity in the laminar nucleus closely corresponds with behavioral decisions made by 
female frogs, and they raise the possibility that conspecific recognition may emerge from 
selectivity in a single auditory nucleus. Finally, I tested whether female-preferred, elaborate 
male signals elicit greater neural activity than simpler signals. I failed to find neural activity 
biases towards preferred signals in the ascending auditory system and forebrain, including 
the pallium, demonstrating that variation in the acoustic complexity and attractiveness of 
male signals is not simply encoded by the magnitude of the neural response evoked by 
those signals. Although further studies are needed to understand how the brain encodes 
attractiveness, my research represents an important contribution towards understanding the 
neural mechanisms underlying female mate choice decisions. 
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CHAPTER I 
Introduction 
 One of the most important decisions that an animal makes is choosing with whom to 
mate. Mate choice can occur in both sexes; however, females are more commonly the 
choosier sex because they often invest greater resources in reproduction (Andersson, 
1994). In many species, females choose their mate based on the attractiveness of male 
sexual signals (Andersson, 1994). Numerous studies have demonstrated that females have 
predictable behavioral preferences for specific signal characteristics, and that males with 
female-preferred signals are more successful in attracting mates (reviewed in Andersson, 
1994; Kirkpatrick, 1987; Searcy and Andersson, 1986). Females are highly selective for 
signal parameters that vary both between and within species. Females almost always prefer 
to mate with males displaying signals of their own species (e.g., Gerhardt, 1994; Ratcliffe 
and Grant, 1983), but species identity is often not enough to ensure female preference. In 
many cases, females compare conspecific males and prefer those displaying signals that 
deviate from the population mean. Conspecific males possessing bigger, louder, brighter, or 
more complex signals are preferred by females in several vertebrate and invertebrate taxa 
(reviewed in Andersson, 1994; Gerhardt and Huber, 2002; Ryan and Keddy-Hector, 1992). 
In some species, the strength of the preference for elaborate signals can even result in 
preferences for heterospecific mates with mating signals that are more extreme that any 
found in conspecific males (e.g., Ryan et al., 1990; Ryan and Wagner, 1987).  
 Although many studies have identified the parameters of male signals that females 
prefer, we know much less about the neural, physiological, and psychological mechanisms 
that explain why these preferences occur. For example, what neural pathways are involved 
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in recognizing, processing, and categorizing male sexual signals? Is the female brain 
selectively responsive to conspecific signals over other types of sound? Are more-preferred 
and less-preferred signals differentially represented in the brain? Can variation in neural 
responses explain behavioral preferences for increased signal complexity? Recent 
advances in neurobiology have made it possible to address these questions experimentally 
by measuring neural activity in response to male mating signals. For example, studies in 
songbirds have identified seven regions in the songbird forebrain that respond to male song 
with electrophysiological activity (Chew et al., 1995; Leppelsack and Vogt, 1976), molecular 
activity (Mello and Clayton, 1994; Mello et al., 1992), or both (Stripling et al., 1997). These 
responses are stimulus-specific, in that more neural activity is observed when a bird is 
listening to conspecific songs than when listening to songs of other species or biologically 
irrelevant tones stimuli (Chew et al., 1995; Mello and Clayton, 1994; Mello et al., 1992; 
Stripling et al., 1997). Some regions of the songbird auditory forebrain show increased 
neural activity in females listening to female-preferred song compared to those listening to 
less-preferred song (Eda-Fujiwara et al., 2003; Gentner et al., 2001; Leitner et al., 2005), but 
the precise mechanisms underlying this neural selectivity remain unclear. For instance, 
previous work in songbirds has, for the most part, been limited to a few regions of the 
auditory forebrain (but see Poirier et al., 2009). Additional studies are needed to 
characterize neural responses to signal variation at different stages of sensory processing in 
order to better understand how female preferences are generated. 
 In the following studies, I address the overarching question: what are the neural 
mechanisms that underlie female mating preferences? To do this, I take a step-wise 
approach to understanding how signal preferences are generated at multiple levels of 
sensory processing. I begin by identifying which brain pathways are involved in processing 
sexual communication signals. Next, I address the issue of how females recognize 
conspecifics. I ask how conspecific signals are encoded by the sensory system and where 
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in the brain recognition first occurs. Finally, I explore the mechanisms that allow females to 
discriminate between conspecifics of varying attractiveness. Specifically, I examine the 
relationship between neural activation and male signal variation and ask whether complex 
signals elicit more neural activity in the brain than simpler signals. Addressing these 
questions will help us to understand sexual communication at multiple levels. Not only will it 
enable us to form a better understanding of the underlying proximate mechanisms of female 
mate choice behavior, but we will also gain some insight into the sensory, neural, and 
cognitive factors that constrain the evolution of female preferences and male sexual signals.  
 
Physalaemus pustulosus as a Model System 
 In this dissertation, I use the túngara frog (Physalaemus pustulosus) as a model 
system. Túngara frogs, an abundant and widely distributed Central American species, are a 
good model system for studying the neural mechanisms of female preferences for three 
reasons. First, female behavioral preferences can be readily elicited in the lab in response to 
both natural and artificial calls, so the specific aspects of male signals that females prefer 
are well established. Second, female preferences are innate (Dawson, 2007), and therefore 
the neural responses that we measure in response to male signals are not confounded with 
females’ prior experiences. Third, female mate preferences are based almost exclusively on 
acoustic cues, as opposed to multisensory cues (e.g., calls and body color), which allows us 
to accurately predict which neural circuits may be involved in processing male signals and 
generating female preferences. 
 During the breeding season, female túngara frogs go to choruses and select a calling 
male as a mate. Male túngara frogs produce an advertisement call that is a simple, 
frequency-modulated downsweep known as a “whine.” The fundamental frequency of the 
whine begins at about 900 Hz and sweeps to about 400 Hz in 300 ms, with an average 
dominant frequency of about 700 Hz. Males can increase the complexity of their call by 
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adding to it 1 – 6 broad spectrum “chucks,” which are of short duration (30 ms) and have an 
average dominant frequency of about 2500 Hz (Ryan, 1985). Males produce mostly whines 
without chucks, both in choruses and when calling alone (~70% of all calls) (Bernal et al., 
2007). When complex calls are produced, they most frequently have only one or two chucks 
appended (~95% of complex calls); whines with three or more chucks are uncommon 
(Bernal et al., 2007). 
 Female túngara frogs choose their mates based almost exclusively on the 
attractiveness of male vocalizations (Ryan, 1980; 1985; but see Taylor et al., 2008).  At 
ponds, when a female has made a mate choice, she approaches a calling male (i.e., 
phonotaxis) and touches him to initiate mating. Using two-choice behavioral assays that 
elicit female phonotaxis in the lab, the acoustic parameters of the male’s call that are 
necessary for species recognition and which confer attractiveness to females have been 
determined. Túngara females prefer the calls of their own species over the whine-like calls 
of other closely related Physalaemus species (Ryan and Rand, 1995). The whine is 
necessary and sufficient for species recognition, because the chuck by itself does not elicit 
female phonotaxis (Ryan, 1985; Ryan and Rand, 1990). However, much of the acoustic 
information in the whine appears to be insignificant for species recognition. Despite a 
harmonic structure, only the fundamental frequency of the P. pustulosus whine is necessary 
to elicit phonotaxis; the upper harmonics have no effect on females’ ability to recognize and 
move toward a calling male (Rand et al., 1992). Furthermore, whine-like stimuli containing 
tones anywhere in a high frequency region (between 900 – 560 Hz) followed by tones 
anywhere in a partially overlapping low frequency region (between 640 – 500 Hz) are also 
sufficient for call recognition (Wilczynski et al., 1995). The recognition system is also tolerant 
of silent gaps of up to 50 ms inserted into the whine fundamental (Wilczynski et al., 1995). 
However, the direction of the fundamental frequency sweep appears to be critical for call 
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recognition. Females do not phonotax to reversed whines or sequential tones stimuli with 
ascending frequencies (Wilczynski et al., 1995).  
 Despite the fact that the whine alone is a relevant and attractive signal, female 
túngara frogs strongly prefer whines with chucks over simple whines (85% of females in two-
choice tests) (Ryan, 1980; 1985). However, the number of chucks does not influence call 
attractiveness; for instance, a whine + 3 chucks is not more attractive than a whine + 1 
chuck (Bernal et al., 2009). Female preferences are permissive with regard to the chuck, as 
several other acoustic appendages can also make the whine more attractive. Relative to 
simple whines, females prefer whines followed by pure tones, white noise bursts, and “half-
chucks” containing only the upper frequencies (Rand et al., 1992; Wilczynski et al., 1995). 
Thus, túngara females have a general preference for acoustic complexity. Nevertheless, the 
chuck apparently contains important information about a male’s condition. Male body size 
and chuck fundamental frequency are negatively correlated, and females prefer calls in 
which the chuck has a lower fundamental frequency (200 Hz compared to 260 Hz) (Ryan, 
1980). Thus, the information contained in the chuck could allow females to discriminate 
larger males from smaller males, which can increase females’ mating success, because 
larger males fertilize more eggs (Ryan, 1985). 
 In túngara frogs, female mate choice is an active process. Females have been 
observed sampling several males before choosing a mate (Ryan, 1985), and a female’s 
preference for one male call over another is flexible and depends on the attractiveness of 
other signals available and their relative distance from each other in space (Baugh and 
Ryan, 2010). A female continues gathering information about a male while phonotaxing and 
she may change her decision after approach has been initiated (Baugh and Ryan, 2009; 
2010). Thus, female preferences in this species may also depend on how well a given call 
can be detected, discriminated from other calls, and remembered.  
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The Frog Auditory System 
Neuroanatomy 
 The auditory system is the primary sensory system involved in sexual 
communication in anurans (frogs and toads). The major ascending and descending 
connections of the anuran auditory system are diagrammed in Figure 1.1. Anurans have two 
separate hearing organs located in the inner ear, known as the amphibian papilla (AP) and 
the basilar papilla (BP). The AP is sensitive to low and mid-frequencies (< 1200 Hz) while 
the BP is specialized for detecting higher frequencies (above 2000 Hz) (Wilczynski and 
Capranica, 1984). Auditory information then travels via the 8th cranial nerve to the dorsal 
medullary nucleus (DMN) (homologue of the mammalian cochlear nucleus), where high and 
low frequency fibers terminate in largely separate areas, creating a tonotopic organization 
(Fuzessery, 1988; Fuzessery and Feng, 1981). The majority of DMN afferents ascend 
bilaterally to the superior olivary nucleus (SON) (Feng, 1986a), although there is a small 
projection to the contralateral torus semicircularis in the midbrain (Edwards and Kelley, 
2001; Feng, 1986a). The SON is also organized tonotopically (Feng, 1986b; Fuzessery, 
1988) and sends bilateral projections to the torus semicircularis (Edwards and Kelley, 2001; 
Feng, 1986b), with a small projection directly to the posterior thalamus (Feng, 1986b; 
Fuzessery, 1988).  
 The torus semicircularis (homologue of the mammalian inferior colliculus), or auditory 
midbrain, is a major integrative center that receives ascending auditory projections from all 
hindbrain auditory nuclei (Endepols and Walkowiak, 2001).  It also receives afferents from 
other sensory systems, such as the visual, somatosensory, and vestibular systems 
(reviewed in Wilczynski and Endepols, 2007). Unlike the DMN and SON, the torus 
semicircularis is subdivided into three major parts: the laminar nucleus (Ltor), the principal 
nucleus (Ptor), and the magnocellular nucleus (MCtor) (Potter, 1965). Although all nuclei 
receive inputs from the SON, their outputs vary. The Ptor receives most of the ascending 
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auditory fibers (Feng and Lin, 1991; Walkowiak and Luksch, 1994) and projects mainly to 
the central and posterior thalamic nuclei (Cthal and Pthal, respectively) (Endepols and 
Walkowiak, 2001; Feng and Lin, 1991; Luksch and Walkowiak, 1998), as well as to the other 
two nuclei of the torus semicircularis (Feng and Lin, 1991). On the other hand, ascending 
projections from the Ltor and MCtor largely terminate in the anterior thalamus (Endepols and 
Walkowiak, 2001; Feng and Lin, 1991; Hall and Feng, 1987; Luksch and Walkowiak, 1998; 
Neary, 1988).  
 As in other vertebrates, the thalamus functions as a sensory relay station for 
information ascending to the forebrain. The anterior thalamus (Athal) projects to limbic 
regions in the forebrain (septum, medial pallium, preoptic area) (Endepols et al., 2004; 
Endepols and Walkowiak, 2001; Neary, 1988; Northcutt and Ronan, 1992; Roden et al., 
2005), while the Cthal predominately sends projections to the ventral hypothalamus (Allison 
and Wilczynski, 1991; Hall and Feng, 1987; Neary, 1988) and a motor region in the 
forebrain (striatum) (Endepols et al., 2004; Neary, 1988). Although all three thalamic nuclei 
receive auditory information, they also receive information from other sensory modalities, 
which has led some researchers to propose that they cannot be considered strictly part of 
the auditory system. Anatomical connections suggest that they are likely to be involved in 
multimodal associative functions, rather than primary sensory processing (Endepols et al., 
2003; Roth et al., 2003; Westhoff et al., 2004; Wilczynski and Endepols, 2007).    
 Descending connections from the forebrain to the auditory midbrain point to the Ltor, 
in particular, as a major sensory integrative center with the potential to influence motor 
behavior. The Ltor receives strong descending input from the thalamus, hypothalamus 
(Neary, 1988; Wilczynski, 1981), preoptic area (Edwards and Kelley, 2001), lateral septum 
and the caudal part of the striatum (Endepols et al., 2005; Marin et al., 1997b).  In turn, the 
Ltor itself has descending projections to lower auditory hindbrain regions such as the SON 
(Feng, 1986b) and DMN (Feng, 1986a; Feng and Lin, 1991; Wilczynski, 1988), as well as to 
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motor regions of the medulla and spinal cord (Endepols and Walkowiak, 2001; Feng and 
Lin, 1991; Luksch and Walkowiak, 1998). These pathways likely represent important 
stations for sensory-motor interactions and the integration of socially relevant cues. 
 
Neurophysiology 
 In the auditory system, neural responses to temporal and frequency information 
become more complex with each successive level of the ascending auditory pathway. At the 
level of the peripheral auditory structures, the AP and BP are typically tuned to the range of 
frequencies that are present in conspecific vocalizations (e.g., Capranica and Moffat, 1983; 
Ryan and Wilczynski, 1988; Wilczynski and Capranica, 1984). The firing patterns of auditory 
nerve fibers encode call duration, but show limited selectivity for fine-scale temporal 
features, such as rise-fall time (Feng et al., 1991). In the central auditory system, neurons at 
the lowest level of the auditory pathway have relatively simple response properties. For 
example, individual neurons in the DMN and SON of the hindbrain have narrow frequency 
tuning curves (i.e., they respond to only one or a few audible frequencies) (Fuzessery and 
Feng, 1981; 1983a) and most cells have “all pass” or “high pass” acceptance thresholds for 
gross temporal features, such as call duration (reviewed in Hall, 1994). At higher stations in 
the auditory pathway, response properties become more complex. For example, some 
neurons in the midbrain torus semicircularis respond only to a series of specific interpulse 
intervals (Edwards et al., 2002), and many midbrain and thalamic neurons exhibit selectivity 
for simultaneous presentation of particular two-tone combinations (Fuzessery and Feng, 
1982; 1983b). In this way, recognition and discrimination of potential mates likely depends 
on hierarchical processing of conspecific call features. 
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Use of Immediate Early Genes as a Marker of Neural Activity 
 In previous studies of the frog auditory system, the need to sedate and restrain 
animals during neurophysiological experiments made it difficult to generalize observed 
patterns of neural responses to the processes of species recognition and mate choice. 
However, advances in molecular neuroscience have made possible functional neural 
mapping in intact and unrestrained animals via the expression of immediate early genes. In 
this dissertation, I use the expression of two immediate early genes, egr-1 and Arc, in the 
female túngara frog brain to identify the neural pathways in which male signals are 
processed and female preferences may be generated.   
 Immediate early genes (IEGs) are known as such because their expression 
represents the first round of neural response to a stimulus, prior to novel protein synthesis. 
IEGs are present in the brain at low baseline levels, but are upregulated within minutes after 
neuronal stimulation and reach peak levels between 30 – 60 minutes after stimulus onset 
(Burmeister et al., 2008; Mello et al., 1992; Worley et al., 1991; Zangenehpour and 
Chaudhuri, 2002). Cellular induction of IEGs begins when neurotransmitters bind to 
postsynaptic receptors, triggering a cascade of intracellular events that ends in the 
transcription of genes, such as egr-1, c-fos, and Arc (Fig. 1.2) (reviewed in Clayton, 2000; 
Jarvis, 2004).  IEGs are useful markers of recent neural activity; however, some studies 
show that electrophysiological activity can be decoupled from egr-1 expression (Stripling et 
al., 1997), suggesting that not all depolarized neurons produce an IEG response. For 
example, cells that do not have the proper postsynaptic receptors or second messenger 
proteins will not be able to induce transcription of IEGs (Jarvis, 2004). Therefore, if a neural 
population lacks IEG expression, it does not necessarily reflect a lack of neural activation in 
those cells.  
 Broadly construed, one of the major functions of immediate early genes is to set in 
motion the cellular events that lead to long-term modification of synaptic connections 
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(Clayton, 2000). However, the specific cellular consequences of IEG induction depend upon 
the type of protein coded for by each gene. Many IEGs, such as egr-1 and c-fos, produce 
proteins that function as transcription factors. Thus, they contribute indirectly to synaptic 
plasticity through the regulation of other genes. On the other hand, another class of IEGs, 
known as “direct effectors,” may act directly to influence synaptic structure and function. For 
instance, Arc mRNA accumulates specifically in recently activated neurons (Link et al., 
1995; Lyford et al., 1995; Steward et al., 1998) and encodes a protein that interacts with 
cytoskeletal proteins located at the neuronal synapse (Chowdhury et al., 2006). Thus, Arc 
may be a more specific marker of synaptic modification in response to a particular stimulus. 
Comparing the responses of the two different types of IEGs could reveal different patterns of 
expression in response to the same stimuli (e.g., Leitner et al., 2005). 
 The expression of IEGs has been used in several neuroethological model systems to 
identify functional neural pathways without disrupting the natural behavior of the animal. In 
birds and mammals, the immediate-early genes egr-1 (also known as zif268, NGF1-A, krox-
24, ZENK), c-fos, and Arc can be induced in specific brain nuclei by a variety of natural 
stimuli (e.g., hearing birdsong, Jarvis et al., 1998; Mello et al., 1992; Velho et al., 2005; 
exposure to regular light cycles, Zangenehpour and Chaudhuri, 2002) and by the production 
of natural behaviors (e.g., singing birdsong, Jarvis and Nottebohm, 1997; Velho et al., 
2005).  Recent studies in túngara frogs have demonstrated that egr-1 and fos are widely 
expressed in the auditory midbrain of males and females, respectively, in response to 
hearing natural vocalizations (Burmeister et al., 2008; Hoke et al., 2004). egr-1 expression in 
response to conspecific male calls has also been demonstrated in female túngaras in the 
SON (Hoke et al., 2008) and hypothalamus (Hoke et al., 2005), and throughout the forebrain 
in males (Hoke et al., 2007). Arc expression has not been previously identified in frogs. 
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Project Summary 
   The goal of my research is to understand the neural mechanisms of female 
preferences in túngara frogs. Specifically, I characterized the responsiveness of the central 
auditory system to acoustic signals to explore the mechanistic basis of behavioral biases for 
certain types of signals. In order to understand the neural pathways underlying female mate 
preferences, I first needed to determine which parts of a female brain respond when females 
are hearing conspecific male calls. Although much is known about how the frog auditory 
system processes male calls (reviewed in Fuzessery, 1988; Gerhardt and Huber, 2002; 
Wilczynski and Endepols, 2007), little is known about the acoustic responsiveness of the 
pallium, which receives auditory input via the thalamus (reviewed in Neary, 1988) and, in 
mammals, is associated with higher brain functions, such as attention, motivation, and 
memory. It is important to consider the pallium when investigating the neural basis of female 
preferences in frogs because attention, motivation, and memory are probably important in 
selecting a mate, especially when females need to choose from among several 
simultaneously signaling males (Ryan et al., 2007). In Chapter II, I tested whether the 
pallium responds to male vocalizations by comparing the level of neural activity that is 
evoked when túngara frog females hear conspecific mating calls or no sound. In this 
chapter, and throughout this dissertation, I assessed neural activity by measuring the 
abundance of the activity-regulated gene, egr-1, in the brain in response to presentation of 
acoustic stimuli. I also asked whether acoustically evoked activity in the pallium is 
specifically related to auditory inputs or whether it can be explained by other sensory input, 
such as olfactory. Finally, I tested whether pallial activity is related to the females’ behavioral 
responses to calls. In doing so, I demonstrated for the first time that several regions of the 
frog pallium showed robust responses to conspecific calls. My results suggest that the 
pallium may play some role in acoustic communication or sexual behavior, although its 
specific contribution to these processes is still unknown.  
!!12 
 Because recognition of a conspecific signal is an important step in assessing a 
potential mate, in Chapter III I addressed the question of how conspecific signals are 
distinguished by the brain. Specifically, I identified which auditory brain regions contribute to 
call recognition, and asked whether any auditory region is specialized for detecting the 
critical acoustic features that convey species recognition in túngara frogs. To do this, I 
compared egr-1 expression in females in response to acoustic stimuli that they recognize as 
conspecific calls to egr-1 in response to stimuli that females do not recognize. Although 
many brain nuclei in the túngara frog auditory system are generally more stimulated by 
conspecific calls than by heterospecific calls (Chakraborty and Burmeister, unpublished), I 
found that only the Ltor, a part of the auditory midbrain, shows selective responses to 
acoustic stimuli (both call and non-call stimuli) that elicit species recognition. These findings 
indicate that activity in the Ltor closely corresponds with the behavioral decisions made by 
female túngara frogs. They also raise the possibility that conspecific call recognition may 
emerge from selectivity in a single auditory nucleus, rather than from activity distributed 
across a functional network of brain regions. 
 When females assess multiple conspecific mates, variation in male signals 
influences the male’s probability of being chosen as a mate. In several species, including 
túngara frogs, males that produce signals of greater intensity or complexity are chosen more 
often than males with signals of lesser intensity (reviewed in Ryan and Keddy-Hector 1992). 
One mechanism by which such preferences can be encoded in the brain is by variation in 
the overall level of neural activity, or the number of neurons, stimulated by male signals. The 
experiments described in Chapters IV and V directly address this hypothesis.  
 In Chapter IV, I asked whether the complex calls of male túngara frogs (known as 
“whine-chucks”) elicit more neural activity than simpler signals (“whines”) at several stages 
of neural processing. First, I compared egr-1 expression in response to simple and complex 
calls in individual brain regions of the central auditory system of túngara females, as well as 
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in several brain regions outside the auditory system that may be involved in sexual behavior. 
Then, I used multivariate analyses to test the ability of the brain as a whole to discriminate 
between complex and simple male calls. In doing so, I addressed whether acoustically 
evoked neural activity at multiple scales can explain female preferences. 
 In Chapter V, I also addressed the question of whether the brain processes complex 
calls differently than simple calls. However, here I used the expression of a different 
immediate early gene, Arc, as a measure of neural activation. A neuron’s immediate early 
gene response can include tens to hundreds of different genes (reviewed in Clayton, 2000), 
but not all activity-regulated genes share the same stimulus response properties (e.g., 
Leitner et al., 2005; Sockman et al., 2005). Therefore, it was necessary to measure the 
expression of Arc in order to explore the possibility that different genes are sensitive to 
different features of acoustic stimuli. In addition, egr-1 codes for a transcription factor, which 
regulates the expression of target genes that are likely involved in a wide range of cellular 
processes (Clayton, 2000). Unlike egr-1, Arc codes for a protein known to associate directly 
with molecules at the neuronal synapse (Chowdhury et al., 2006). Thus, Arc is likely a more 
specific marker of synaptic modification and neural plasticity. To address the hypothesis that 
female-preferred conspecific calls elicit greater Arc expression than less-preferred calls, I 
first had to identify the sequence of Arc mRNA in túngara frogs and characterize the 
temporal and spatial patterns of Arc expression in response to conspecific calls. I then 
measured Arc in females presented with one of three acoustic stimuli: heterospecific 
(Physalaemus enesefae) call, Physalaemus pustulosus whine, or P. pustulosus whine + 3 
chucks. This study is the first to demonstrate Arc in the brain of any amphibian.  
 I failed to find differences in the level of neural activity in response to complex or 
simple advertisement calls in acoustically responsive regions of the ascending auditory 
system and forebrain, including the pallium, using either egr-1 or Arc. My results 
demonstrate that variation in the complexity and attractiveness of male signals is not simply 
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encoded by the magnitude of the neural activity evoked by those signals in the major 
auditory centers and their primary target regions, suggesting that female behavioral 
preferences cannot be explained by this mechanism. Although further studies are needed to 
understand how the brain distinguishes between a more-attractive and a less-attractive 
signal, my research makes some important contributions to our knowledge of the neural 
mechanisms underlying female mate choice decisions. 
 
Figure Legends 
 
Figure 1.1.  Simplified schematic diagram of the major ascending and descending 
connections of the anuran auditory system. For abbreviations, see List of Abbreviations. 
 
Figure 1.2. Illustration of the major steps leading to the expression of the immediate early 
genes, egr-1, c-fos, and Arc in an activated neuron. Activation of receptors on the post-
synaptic surface of a neuron sets in motion a chain of events involving second messenger 
systems, which phosphorylate constitutive transcription factors, and lead to the transcription 
of immediate early genes (IEGs). The IEG proteins themselves are divided into two 
categories: transcription factors and direct effectors.  Direct effectors act by modifying the 
neural synapse itself, while transcription factors bind to DNA to upregulate the expression of 
other genes, whose proteins may have various (and largely unidentified) long-term effects 
on the neuron. 
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Figure 1.1 
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Figure 1.2 
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CHAPTER II 
Acoustically Evoked Immediate Early Gene Expression in the Pallium of 
Female Túngara Frogs* 
 
Summary 
 In anurans, much is known about the role of the auditory midbrain in processing 
conspecific calls, but comparatively little is known about the role of the pallium. To address 
this deficiency, we investigated the induction of the immediate early gene egr-1 by natural 
mate chorus in the medial, dorsal, lateral, and ventral pallium of female túngara frogs. We 
found strong acoustically evoked egr-1 expression in the dorsal medial pallium (p < 0.01) 
and ventral pallium (p = 0.02), with a weaker effect in the lateral pallium (p = 0.05). In the 
ventral pallium, acoustically induced egr-1 expression was stronger in the anterior portion. 
Measures of movement and olfactory activity could not explain a significant portion of 
acoustically evoked pallial egr-1 expression. In contrast, egr-1 expression in the auditory 
midbrain covaried with egr-1 expression in the dorsal medial pallium and ventral pallium, 
suggesting that their activity was coupled with auditory activity. Taken together, these 
results suggest that the acoustically evoked egr-1 expression in the dorsal medial pallium 
and ventral pallium were a direct result of auditory stimulation. Furthermore, although both 
anatomical and electrophysiological evidence demonstrate that multiple modalities overlap 
in the frog pallium, our results show that a multimodal stimulus is not required to activate 
pallial neurons. Although the functional role of the frog pallium is not known, our results 
demonstrate that species-specific sounds activate spatially segregated and anatomically 
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distinct areas of the frog pallium, inviting further investigation into the role of the frog pallium 
in acoustic communication.  
 
 
Introduction 
Acoustic communication plays an essential role in mediating reproductive behavior in 
anuran amphibians (frogs and toads).  Males produce advertisement calls during the 
breeding season primarily to attract females to mate (Gerhardt and Huber, 2002).  For 
females, who must distinguish among males of different species and of varying quality, the 
perception and discrimination of male calls is vital to ensuring reproductive success 
(Andersson, 1994). Understanding how females’ brains process sexual signals is therefore 
important in elucidating the proximate mechanisms of mate choice behavior and, ultimately, 
sexual selection.  
Anurans are good models for studying the neural mechanisms of acoustic 
communication because much is known about the neural substrate underlying call 
processing and discrimination, particularly in the midbrain and thalamus. Single-unit 
physiological recordings reveal that auditory neurons in the midbrain and thalamus are 
tuned (i.e., respond best) to the calls of conspecifics (Fuzessery and Feng, 1983b) and can 
perform temporal and frequency discrimination (Edwards et al., 2002; Fuzessery and Feng, 
1982; Gooler and Feng, 1992; Hall and Feng, 1986).  Some have proposed that the 
midbrain torus semicircularis also plays a direct role in acoustically guided behavior, such as 
female phonotaxis (Endepols et al., 2003; Endepols and Walkowiak, 2001). For example, in 
female gray treefrogs (Hyla versicolor), lesions of the torus semicircularis abolish 
phonotaxis, while deep lesions of the thalamus leave this behavior largely intact and do not 
alter female call preferences (Endepols et al., 2003). Only superficial lesions of the thalamus 
affect female call preference in some two-choice tests (Endepols et al., 2003), suggesting 
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that dorsal thalamic nuclei are not critical for phonotaxis. These results imply that forebrain 
targets of the auditory system are not necessary for the regulation of sexual behavior in 
female anurans, and that recognition and complex feature analysis of acoustic signals are 
performed at the level of the midbrain. This view has influenced much of the current 
research on the neural bases of mating call recognition and discrimination in frogs 
(Endepols and Walkowiak, 2001; Hoke et al., 2004). 
Unlike the pallium of amniotes, the anuran pallium appears to lack differentiated 
fields that specialize in processing sensory information (Butler and Hodos, 1996).  Instead, 
the dorsal and medial pallia are thought to be multimodal sensory processing and 
integration centers (Laberge and Roth, 2007; Neary, 1984; Northcutt and Ronan, 1992), 
while the lateral pallium is thought to primarily process olfactory input (Northcutt and Royce, 
1975; Scalia et al., 1968). Although the medial pallium is generally accepted as the 
homologue of mammalian hippocampus, some controversy exists over the organization and 
homology of the other pallial regions. Recently, developmental gene expression studies 
have revealed a fourth pallial region in frogs, the ventral pallium (Bachy et al., 2002; Brox et 
al., 2003; 2004). The ventral pallium incorporates areas formerly known as the ventral lateral 
pallium and striatopallial transition area (SPTA) (Roth et al., 2004) (also named anterior 
amygdala (Marin et al., 1998)), and it may be homologous to parts of the anterior dorsal 
ventricular ridge in birds and part of the claustroamygdalar complex in mammals (Brox et al., 
2002; Molnar and Butler, 2002; Moreno and Gonzalez, 2004)  
Whether the frog pallium plays a role in conspecific call recognition or in regulating 
the behavioral responses to calls remains to be determined. Auditory information probably 
reaches all pallial regions via afferents from the anterior nucleus of the dorsal thalamus, 
which terminate predominantly in the rostral half of the pallium (Kicliter, 1979; Kicliter and 
Northcutt, 1975; Laberge et al., 2008; Neary, 1984; 1990; Northcutt and Ronan, 1992; Roth 
et al., 2003). These anterior thalamic projections may carry auditory, visual, and/or 
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somatosensory information (Laberge and Roth, 2007; Neary, 1990; Roth et al., 2003). In 
addition, the ventromedial thalamic nucleus, which receives a large ascending input from the 
laminar nucleus of the torus semicircularis, projects to the medial pallium while the central 
thalamic nucleus, which receives the majority of afferents from the torus semicircularis, 
sends weak projections to the ventral pallium (previously called the ventral part of the lateral 
pallium) (Neary, 1990, but see Laberge et al. 2008). Strong connections among pallial 
divisions (Northcutt and Ronan, 1992; Roth et al., 2007) also raise the possibility that 
auditory information from the thalamus is redistributed after it has arrived in the pallium. 
However, in spite of ample opportunity for auditory influences in the pallium, there is little 
physiological evidence for it. This gap is likely due, in part, to the fact that so few studies 
have addressed the question. To date, the medial pallium is the only pallial subdivision 
known to respond to acoustic stimuli (Mudry and Capranica, 1980). In general, the pallium 
responds equally to electrical stimulation of auditory, somatosensory, and visual nerves 
(Laberge and Roth, 2007). Yet, it remains unclear whether these electrically evoked 
responses reflect the role of the pallium in processing natural sensory stimuli. Thus, many 
questions remain about how the anuran brain represents conspecific vocalizations.  
Using immediate early gene (IEG) expression to create neural activity maps is an 
effective way to discover the function of brain regions. Immediate early genes can be 
induced in response to neural activity, and their expression is linked to synaptic stimulation 
(Clayton, 2000; Jarvis, 2004; Stripling et al., 1997; Worley et al., 1991). Yet, 
neurophysiological activity in the brain is not always accompanied by gene expression 
(Clayton, 2000; Stripling et al., 1997), presumably because expression of IEGs is restricted 
to those cells that possess the appropriate signal transduction mechanisms to facilitate IEG 
transcription. One of the most highly conserved and well-characterized immediate early 
genes is egr-1 (also known as zif268, NGFI-A, krox-24, ZENK). In birds and mammals, egr-1 
can be induced in specific brain nuclei by a variety of natural stimuli (e.g., hearing birdsong, 
!!21 
Mello et al., 1992; Jarvis et al., 1998; exposure to regular light cycles, Kaczmarek and 
Chaudhuri, 1997) and by the production of behaviors (e.g., singing birdsong, Jarvis and 
Nottebohm, 1997). In male túngara frogs, mating calls induce widespread egr-1 expression 
in the torus semicircularis (Hoke et al., 2004; Hoke et al., 2007) and diencephalon, but not 
the telencephalon (Hoke et al., 2007). However, in the medial pallium acoustically evoked 
locomotion correlates with egr-1 expression (Hoke et al., 2007). Whether egr-1 expression 
in the dorsal, lateral, and ventral pallia responds to acoustic stimuli or evoked locomotion is 
unknown.  
To map acoustic responses in the frog pallium, we measured egr-1 expression in the 
pallium of female túngara frogs after presentation of conspecific mating calls or no sound. 
Based on a previous electrophysiological study (Mudry and Capranica, 1980), we expected 
to find acoustic responsiveness in the medial pallium, but previous studies do not lead to 
clear predictions regarding acoustically evoked IEG induction in the dorsal, lateral, or ventral 
pallia. Based on recent neurophysiological evidence (Laberge and Roth, 2007), we also 
anticipated that we would find greater auditory responses in the anterior pallium when 
compared with the posterior pallium. To determine how activity in the pallium relates to the 
activation of pallial sensory inputs, we correlated egr-1 expression in the pallium with egr-1 
expression in the auditory midbrain to test whether the observed egr-1 expression was 
consistent with a direct effect of auditory system activity. Because of strong olfactory inputs 
to the pallium, we also examined the correlation of egr-1 expression in the pallium with egr-1 
expression in the olfactory system. Finally, in order to account for behavioral responses to 
the acoustic stimulus, which itself involves activation of sensory and motor systems, we 
examined the correlation between locomotion and pallial egr-1 expression.  
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Methods 
 The Institutional Animal Care and Use Committee of the University of North Carolina at 
Chapel Hill approved the research presented here and Panama’s National Authority for the 
Environment (Autoridad Nacional del Ambiente) permitted the collection and export of the 
subjects in our study. We have previously reported data collected from the tissue in this 
experiment (Burmeister et al., 2008).  
 
Animals 
Female túngara frogs (Physalaemus pustulosus) were captured in amplexus near 
Gamboa, Panama in June 2005 between 19:00 and 22:00 h. We transported females to the 
laboratory of the Smithsonian Tropical Research Institute and isolated them in dark acoustic 
chambers for 6 or 24 hours. The floors of the chambers were lined with wet paper towels to 
prevent dehydration and the animals were enclosed within perforated plastic circular arenas. 
After the acclimation period, we exposed half of the females (n = 10) to a playback of natural 
mate chorus for 30 minutes followed by sacrifice. The other females (n = 10) received no 
acoustic stimulation and were sacrificed immediately following the acclimation period. The 
mate chorus stimulus was recorded near Gamboa, Panama, and consisted of a 15-min 
recording looped once. Peak amplitude of the playback was set at 82 dB (re 20 µPa) at ~ 
0.5 meter from the speaker.  
 
Tissue preparation and in situ hybridization 
Following decapitation, heads were embedded in OCT embedding medium, rapidly 
frozen in liquid nitrogen, and stored at -80°C until sectioning at our UNC-CH laboratory. We 
sectioned brains on a cryostat at 16-µm thickness in 3 series and mounted them onto slides 
(Superfrost Plus, Fisher Scientific, Pittsburgh, PA).  Radioactively labeled (S-35, GE 
Healthcare, Piscataway, NJ) egr-1 mRNA probes were reverse transcribed from plasmids 
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containing P. pustulosus egr-1 cDNA (GenBank Accession No. AY562993).  All slides were 
processed simultaneously to eliminate variation between procedures. We performed in situ 
hybridization of the radioactive probe according to the protocol described in Burmeister et al. 
(2008).  To visualize the bound riboprobe, slides were dipped in Kodak NTB emulsion, 
allowed to dry, and stored in lightproof boxes at 4°C for 14 days. We developed slides with 
Kodak D-19 developer and Kodak fixer and then counterstained them with thionin. 
 
Quantification of egr-1 expression 
We identified the medial pallium (MP), dorsal pallium (DP), lateral pallium (LP), and 
ventral pallium (VP) in transverse sections based on clearly identifiable cytoarchitectural 
boundaries and cell morphology (Fig. 2.1). Where possible, we followed the nomenclature of 
Roth et al.  (2007). Within the MP, we separately sampled the dorsal (dMP) and ventral 
parts (vMP) because of clear differences in cell size, morphology, and connectivity between 
the two subdivisions (Roth et al., 2007; Westhoff and Roth, 2002). Although Roth et al. 
(2007) identify medial and lateral subdivisions of the DP in fire-bellied toads, these were not 
reliably apparent in our tissue and, thus, we did not attempt to sample them separately. 
Within the VP, our sampling window captured part of both dorsal and ventral portions, which 
have similar connectivity and morphology to one another (Roth et al., 2007).  
For all brain regions, egr-1 mRNA expression was quantified using a 100! objective 
on one hemisphere of the brain chosen at random. We began sampling from rostral sections 
at a level posterior to the accessory olfactory bulb and continued sampling caudally from 
every other section in each brain region, for a total of 6 sections each spaced 96 "m apart 
on average. The caudal limit of our sampling was approximately at the level of the beginning 
of the preoptic area and was rostral to the anterior commisure. To compare activity 
dependent expression in the pallium to auditory and olfactory activity, we also sampled egr-
1 expression from the torus semicircularis and the dorsal half of the granular cell layer of the 
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main olfactory bulb. For each of three subdivisions of the torus semicircularis (laminar, 
principal, and magnocellular nuclei), we calculated mean egr-1 expression from 4 
consecutive sections spaced 48 µm apart (torus semicircularis data have been reported 
previously in Burmeister et al. (2008) ). For the main olfactory bulb, we calculated mean egr-
1 expression from 3 consecutive sections spaced 48 µm apart. 
We quantified egr-1 expression from digital photomicrographs taken with a Leica 
DFC480 camera attached to a Leica DM 4000B microscope. For each section, we took 
three images: a color image of Nissl-stained tissue in the brain region of interest, a blue-
filtered image of only the silver grains in the same field of view (“grains image”), and a blue-
filtered image of an area of the slide containing no tissue to represent local background 
silver grain density (“background image”). In the blue-filtered images, exposure, brightness 
and contrast settings were the same for each picture of a given section. We used ImageJ 
(National Institutes of Health, Bethesda, MD) to convert the grains and background images 
to binary and to count the silver grains in each image using the analyze particles feature. 
This feature counts the number of discrete objects (silver grains or clusters of silver grains), 
in the image that have a minimum size of 1 pixel. We subtracted the number of background 
silver grains from the number of silver grains in the region of interest to get number of silver 
grains above background per image. We used the point selection tool in Image J to mark 
and count all visible cells in the color image of the region of interest. Our final measure of 
egr-1 mRNA expression for each section was the number of silver grains above background 
per cell. Because we counted all cells in the field of view, including those which had no silver 
grains, the number of silver grains per cell represents an average over the region of interest 
and is generally low (see Fig. 2.2). 
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Quantification of behavior 
We videotaped females’ behavior for 30 minutes prior to their sacrifice using an 
infrared camera (Infrared Microvideo Camera, Super Circuits, Austin, TX) and quantified 
their rate of movement (hops per minute) by counting the number of times the animal 
hopped to a new position over the observed time period. Distance traveled with each 
movement was limited by the small size of the enclosure (24 cm diameter) and females 
were prevented from physically contacting the speaker broadcasting mate chorus. We also 
used a stopwatch to quantify the total amount of time (in seconds) the animal spent in 
motion. Behavioral data from these animals has been previously reported in Burmeister et 
al. (Burmeister et al., 2008) . 
 
Statistical analyses 
We used SAS V8 (SAS, Cary, NC) and SPSS 15.0 (SPSS, Chicago, IL) for statistical 
analyses. To test whether exposure to an acoustic stimulus influenced egr-1 expression in 
the pallium overall and whether this effect varied among brain regions, we first conducted an 
analysis of variance (ANOVA) with acoustic treatment (chorus or no sound) as a between-
subjects factor and brain region (dMP, vMP, DP, LP, VP) and section number (1 – 6) as 
within-subjects factors. Individual was modeled as a random factor. We nested brain region 
and section within individual because measurements of egr-1 levels from different pallial 
regions and different brain sections of the same animal are not statistically independent. 
Some animals in each acoustic treatment group were acclimated for 6 hours and some for 
24 hours; therefore, we also included acclimation period as a between-subjects factor in this 
model. We initially included all three and four-way interactions but we excluded them from 
the model presented here because they were non-significant and they greatly increase the 
complexity of the model. Because our results suggest that the effect of the acoustic stimulus 
varied among brain regions, we next conducted five separate ANOVAs for each pallial 
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region (dMP, vMP, DP, LP, VP) in order to determine the magnitude of the acoustic effect in 
each pallial region. For each of these tests, acoustic treatment was a between-subjects 
factor and section was nested within brain region of interest. We excluded acclimation 
period from these tests in order to simplify the models and because the initial ANOVA that 
included all brain regions suggested that acclimation period did not affect acoustically 
evoked egr-1 expression in the pallium. When a section ! treatment interaction was found, 
we conducted post hoc t-tests between group means (no sound vs. chorus) at each section 
level to determine which sections expressed significantly different egr-1 levels in response 
to chorus. 
Because an animal’s behavior may also influence egr-1 expression, we used 
Pearson’s correlations to test for a relationship between egr-1 expression in each pallial 
subdivision and rate of movement or total time the animal spent in motion. Behavioral 
responses to the mate chorus will change aspects of the sensory environment that might 
result in egr-1 expression in the pallium that is not a direct consequence of activation of the 
auditory system. Although locomotion presumably causes changes in vestibular, 
propriosensory, and somatosensory systems, we examined those effects only indirectly by 
correlating the magnitude of the behavioral response itself. Although we took care to ensure 
that the sensory environment was as uniform as possible across treatment groups, it is 
conceivable that females hearing the chorus released an odorant or became more sensitive 
to ambient odorant molecules in the chambers, which could induce egr-1 expression in 
pallial regions known to receive strong inputs from the olfactory system. Therefore, we used 
Pearson’s correlation to examine whether the patterns of egr-1 expression that we observed 
in the pallium could be better explained by activity in olfactory or auditory processing regions 
of the brain.  However, since the animals were housed in the dark (except for infrared 
emitted by video cameras), and egr-1 expression in the optic tectum was undetectable in 19 
of 20 animals (data not shown), we did not examine correlations between egr-1 expression 
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in the visual system and the pallium.  For the correlations, we used means of egr-1 
expression of multiple sections (6 sections for each pallial subdivision; 4 sections for each 
subdivision of the torus semicircularis; 3 sections for the olfactory bulb). Sample sizes were 
20 in all correlation analyses except in the correlations including behavior (n = 17) and the 
olfactory bulb (n = 19), due to missing data.  
 
Results 
Acoustic exposure increases egr-1 expression 
 To determine whether acoustic stimulation had an effect on activity-dependent egr-1 
expression in the túngara frog pallium, we compared animals that heard a mating chorus to 
animals exposed to silence. Overall ANOVA results are shown in Table 2.1. We found that 
egr-1 expression increased in the pallium in response to the acoustic stimulus (treatment, p 
= 0.004; Fig. 2.3) and that this effect varied among pallial divisions (treatment ! region, p = 
0.001; Fig. 2.3). In addition, we found that, independent of treatment, the magnitude of egr-1 
expression varied among brain regions (region, p < 0.001) and along the rostral-caudal axis 
(section, p < 0.001). In general, egr-1 expression was highest in the anterior pallium and 
decreased as we sampled posteriorly (Fig. 2.4). In contrast, we found no evidence that the 
effect of acoustic treatment on egr-1 expression was modulated by acclimation period 
(treatment ! acclimation, p = 0.61).  Taken together, these results demonstrate that the 
response of the pallium to a relevant acoustic stimulus, although widespread, had spatial 
specificity. 
Because we found that the effect of chorus on egr-1 expression in the pallium varied 
among brain regions, we next conducted separate ANOVAs for each of the five pallial 
regions (ANOVA results are shown in Table 2.2). In the MP, we found that hearing mate 
chorus induced a 2.5-fold increase in egr-1 mRNA expression in the dorsal part (treatment, 
p = 0.006), but not in the ventral part (treatment, p = 0.08; Fig. 2.3). The effect of the chorus 
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on egr-1 expression in the MP did not vary across the rostral-caudal axis (section ! 
treatment, p = 0.32 and 0.90). In the DP, mating chorus failed to evoke a strong change in 
egr-1 expression (treatment, p = 0.08; treatment ! section, p = 0.73), although egr-1 
expression levels did vary along the rostral-caudal axis (section, p = 0.008) (Fig. 2.4). In the 
LP, the mating chorus induced higher egr-1 expression (treatment, p = 0.05) and overall egr-
1 expression levels varied across the rostral-caudal axis (section, p < 0.0001) where it was 
higher in the anterior sections compared to the posterior sections (Fig. 2.4). Finally, we 
found a strong effect of the chorus on egr-1 expression in the VP (treatment, p = 0.02; Fig. 
2.3) that varied along the rostral-caudal axis (section ! treatment, p = 0.04; Fig. 2.5). Post 
hoc analysis for each section showed that the effect of chorus was stronger in the two 
rostral-most sections of the VP (Fig. 2.5).  
Because variation in motor behavior might also influence egr-1 expression in the 
brain, we correlated movement with mean egr-1 level in each pallial region (Table 2.3). We 
found no strong evidence that rate of movement varied with egr-1 expression in any pallial 
region. We also found no evidence for a relationship between egr-1 expression and total 
time spent in motion.  
 
Correlations with auditory midbrain and olfactory bulb 
In addition, we wanted to know whether the egr-1 expression we saw in the pallium 
is specifically related to sensory inputs that are activated by acoustic stimulus exposure, or 
whether it can be explained by other sensory input to the pallium. Since some pallial regions 
(e.g., LP and VP) are known to receive strong inputs from the olfactory system, we asked 
whether variation in egr-1 expression in the pallium could be better explained by activity in 
the olfactory or auditory systems. We found that mean egr-1 expression in the MP, DP, and 
VP correlated significantly with mean egr-1 expression in at least one of the nuclei of the 
torus semicircularis (Table 2.4). In contrast, mean egr-1 expression in the olfactory bulb did 
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not correlate with mean egr-1 expression in any pallial area (Table 2.3), suggesting that 
olfactory stimulation does not likely explain the chorus-induced patterns of egr-1 induction 
that we observed in the pallium. 
 Interestingly, the relationship between egr-1 expression in the torus and pallium 
varied among divisions. For example, the dMP had a strong relationship with each nucleus 
of the torus. In contrast, egr-1 expression in the VP only had a strong relationship with the 
principal nucleus. Furthermore, even though our acoustic stimulus failed to induce a strong 
response from the vMP and DP, egr-1 levels in the laminar nucleus were good predictors of 
egr-1 levels in these pallial divisions.  Finally, although the mating chorus induced higher 
levels of egr-1 expression in the LP, we did not find strong evidence for a relationship 
between activity in the torus and activity in the LP. These results are consistent with the 
hypothesis that acoustically evoked egr-1 expression in the dMP and VP was a direct effect 
of auditory activity.  
 
Discussion 
Our results demonstrate that a natural, conspecific acoustic stimulus can induce egr-
1 mRNA expression in the pallium of a female anuran. Despite the lack of anatomical 
evidence for dedicated auditory projections to the pallium, we found acoustically evoked 
responses in the pallium that varied spatially. Acoustically induced egr-1 expression was 
strongest in the dMP and the VP. In the VP, acoustically induced egr-1 expression was 
more pronounced in the anterior portion compared to the posterior portions, which is 
consistent with recent evidence that electrically evoked sensory potentials are greater in the 
anterior pallium of the fire-bellied toad (Laberge and Roth, 2007). However, our results are 
not consistent with a previous study of male túngara frogs that found that egr-1 levels in the 
MP were better explained by motor behavior than acoustic treatment (Hoke et al., 2007). 
The reasons for this difference are not clear, but they could reflect a sex difference in the 
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function of the MP, or a difference in sampling procedures. For example, in the earlier study 
(Hoke et al., 2007), egr-1 expression in the dorsal and ventral parts of the MP were not 
analyzed separately, which could have obscured an effect of acoustic treatment.   
Our results suggest that the egr-1 expression we observed in the dMP and VP was 
caused by the acoustic stimulus and not by other sensory stimuli the frogs might have 
experienced during the test period. Measures of movement and olfactory activity could not 
explain a significant portion of acoustically evoked egr-1 expression in any region of the 
pallium. Moreover, the spatial distribution of egr-1 expression we observed is not consistent 
with observed patterns of electrically evoked olfactory activity.  The largest olfactory 
responses have been recorded from regions in the caudal pallium (Laberge and Roth, 
2007), whereas we observed the lowest level of egr-1 expression in the caudal pallium.  In 
contrast, egr-1 expression in the auditory midbrain covaried with egr-1 expression in the 
dMP and VP, suggesting that their activity was coupled with auditory activity, indicating that 
these brain regions are part of a functional network that plays a role in processing mating 
call stimuli. However, complex acoustic stimuli have the potential to activate a variety of 
brain regions; in primates, for example, sounds cause widespread cortical activation that 
includes regions of primary visual cortex (Poremba et al., 2003). Thus, we cannot conclude 
that the acoustically responsive regions of the frog pallium are strictly auditory brain regions. 
Acoustically evoked pallial egr-1 responses could reflect other processes related to 
conspecific call presentation, such as increased arousal or motivation. This may explain, for 
example, why chorus evoked higher egr-1 expression in the LP, but egr-1 expression there 
did not correlate with auditory egr-1 expression. In addition, our results leave open the 
possibility that other sensory experiences could evoke similar patterns of egr-1 expression in 
the pallium. Future studies are necessary to understand the specificity of acoustically 
evoked egr-1 expression in the frog pallium, and its implications for neural processing of 
communication signals.  
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Anatomical and electrophysiological evidence both demonstrate that, within the 
pallium, ascending sensory input from multiple modalities overlap. However, given the 
paucity of electrophysiological recordings from pallial neurons, the function of these 
multimodal inputs is unclear. For example, a recent study in mammalian auditory cortex 
demonstrated that convergence from multiple modalities does not necessarily produce 
multisensory integration as traditionally defined; although neurons exhibited clear spiking 
responses to both auditory and visual stimuli, they did not always transmit more information 
in their firing pattern when combined visual-auditory stimulation was used (Bizley et al., 
2007). Our results show that, in the frog, a multimodal stimulus is not required to activate 
pallial neurons. This raises the possibility that, like mammalian neocortex (Bizley et al., 
2007), pallial auditory neurons receive input from more than one modality but, nonetheless, 
are preferentially dedicated to processing a single modality. Alternatively, it is possible that 
most neurons in the frog pallium contribute to processing multiple sensory modalities using 
a complex ensemble-type code. Of course, our data cannot distinguish among these and 
other possibilities. Nonetheless, the finding that an acoustic stimulus can evoke neural 
responses in the frog pallium suggests that those neurons are contributing to the processing 
of auditory signals.  
To date, the role of the pallium in sensory processing is not well understood and 
virtually nothing is known about its function in modulating behavior in frogs.  Our results 
indicate that neurons in the pallium respond to species-specific vocalizations and therefore 
could play a role in auditory processing. However, an alternative hypothesis is that the 
pallium is involved in cognitive and emotional functions, as it is in other vertebrates. Known 
anatomical connections of the frog MP and VP suggest that this is possible, and that the 
pallium could act as a “selection system” that participates in information processing and 
influences behavioral and physiological responses to sensory stimuli (Veenman et al 1989).  
In anurans, all pallial regions receive multimodal sensory input from the thalamus (Laberge 
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et al., 2008; Moreno and Gonzalez, 2004; Neary, 1990; Northcutt and Ronan, 1992), but 
only the MP and VP have extra-pallial descending connections (Roth et al., 2007), making 
them the sole output zones of the pallium. For instance, both the MP and part of the VP 
(formerly the ventral part of the lateral pallium) project heavily to the hypothalamus and 
preoptic area (Neary, 1995; Roth et al., 2007), brain areas well-known to regulate sexual 
behavior in vertebrates. In particular, the MP of anurans is thought to be part of an 
“audiolimbic interface” (Wilczynski and Endepols, 2007) that may influence motivational 
state and reward-seeking behavior in response to sensory stimuli via projections to the 
medial amygdala and nucleus accumbens (Northcutt and Ronan, 1992; Westhoff and Roth, 
2002). The MP also has direct projections to the striatum (Neary, 1990), a brain area known 
to be involved in motor control and in modulating female phonotaxis behavior in anurans 
(Walkowiak et al., 1999). Given their increased neural response to mating chorus in túngara 
frogs (this study), the anuran dMP and possibly VP may be involved in interpreting the 
biological significance of signals and modulating brain areas that generate behavioral and 
physiological responses to those signals.  In light of known connections, we hypothesize 
that neural activity in the pallium during mate call reception could participate in neural 
circuitry involved in regulating acoustically mediated sexual behavior. 
The anuran MP is considered homologous to the mammalian hippocampus, a brain 
area known to be involved in memory formation (Neary, 1990; Northcutt and Ronan, 1992; 
Westhoff and Roth, 2002), and some behavioral evidence suggests that the MP is involved 
in conditioned visual learning tasks in toads (Ewert et al., 1994; Finkenstadt and Ewert, 
1988).  Such studies raise the hypothesis that the MP of anurans may also play a role in 
auditory memory. Although we can only speculate at this point, the formation of auditory 
memories could play a role in mate choice behavior in anurans whose females sequentially 
assess multiple calling males, a behavior that has been observed in several species 
including the túngara frog (Arak, 1988; Robertson, 1986; Ryan, 1985).  In conclusion, we do 
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not yet know the relationship between acoustically evoked egr-1 expression in the frog 
pallium and complex neural processes. Yet, because acoustic communication plays an 
essential role in the reproductive behavior of anurans, future experiments are likely to 
provide important new insights into the relationship of the pallium to auditory discrimination 
and mate choice behavior 
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Table 2.1. Four-factor analysis of variance showing the effects of acoustic treatment, 
acclimation period, brain region, section number, and their two-way interactions on egr-1 
expression in the pallium 
Source F-statistic (df) p 
Treatment F(1, 514) = 8.62 0.004 
Acclimation F(1, 514) = 2.02 0.16 
Treatment ! Acclimation F(1, 514) = 0.27 0.61 
Region   F(4, 514) = 77.90 < 0.0001 
Region ! Treatment F(4, 514 ) = 4.66 0.001 
Region ! Acclimation F(4, 514) = 1.56 0.18 
Section  F(5, 514) = 12.90 <0.0001 
Section ! Treatment F(5, 514) = 3.12 0.009 
Section ! Acclimation F(5, 514) = 0.29 0.92 
Region ! Section F(19, 514) = 0.91 0.57 
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Table 2.2. Effects of acoustic treatment, section number, and their interaction on egr-1 expression in pallial brain regions 
 d Medial Pallium v Medial Pallium Dorsal Pallium Lateral Pallium Ventral Pallium 
Treatment F(1, 18) = 9.60 (0.006) F(1, 18) = 3.37 (0.08) F(1, 18) = 3.39 (0.08) F(1, 18) = 4.38 (0.05) F(1, 16) = 6.10 (0.02) 
Section F(5, 90) = 2.05 (0.08) F(5,90) = 1.72 (0.14) F(5, 90) = 3.37 (0.008) F(5, 90) = 18.98 (<0.0001) F(5, 80) = 7.38 (<0.0001) 
Section !      
Treatment 
F(5, 90) = 1.19 (0.32) F(5, 90) = 0.32 (0.90) F(5, 90) = 0.55 (0.73) F(5, 90) = 1.12 (0.36) F(5, 80) = 2.46 (0.04) 
 
p values are given in parentheses after each F-statistic.
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Table 2.3. Egr-1 expression in the pallium does not correlate with rate or duration of 
movement. 
 d Medial 
Pallium 
v Medial 
Pallium 
Dorsal 
Pallium 
Lateral 
Pallium 
Ventral 
Pallium 
 r
2
 p r
2
 p r
2
 p r
2
 p r
2
 p 
Rate of 
movement 
0.11 0.17 <0.01 0.82 0.01 0.63 <0.01 0.96 <0.01 0.84 
Duration of 
movement 
0.05 0.40 <0.01 0.75 <0.01 0.95 <0.01 0.93 <0.01 0.85 
 
The Pearson correlation coefficient (r2) and corresponding p value were determined 
between mean egr-1 values for each individual in five subdivisions of the pallium and each 
individual’s rate of movement (hops per minute) and duration of movement (time in 
seconds).  
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Table 2.4.  Egr-1 expression in the pallium correlates with egr-1 expression in the auditory 
midbrain, but does not correlate with egr-1 expression in the olfactory bulb.  
 
 d Medial  
Pallium 
v Medial  
Pallium 
Dorsal 
Pallium 
Lateral 
Pallium 
Ventral 
Pallium 
 r2 p r
2
 p r
2
 p r
2
 p r
2
 p 
Ptor 0.21 0.04 0.07 0.26 0.13 0.10 0.13 0.11 0.37 0.004 
Ltor 0.37 0.004 0.28 0.02 0.31 0.01 0.09 0.21 0.14 0.10 
MCtor 0.22 0.04 0.003 0.81 0.11 0.15 0.02 0.53 <0.001 0.96 
MOB 0.02 0.50 0.03 0.41 <0.001 0.68 <0.001 0.90 <0.001 0.98 
 
The Pearson correlation coefficient (r2) and corresponding p value were determined 
between mean egr-1 values for each individual in five subdivisions of the pallium, three 
nuclei of the auditory midbrain, and the olfactory bulb. Abbreviations: Ltor, laminar nucleus 
of torus semicircularis; MCtor, magnocellular nucleus of torus semicircularis; MOB, main 
olfactory bulb; Ptor, principal nucleus of torus semicircularis. 
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Figure Legends 
 
Figure 2.1. Representative photomicrographs of transverse sections 1- 6 (rostral to caudal) 
showing cytoarchitecture of the túngara frog pallium of the areas sampled. See inset for 
approximate level of sections through the telencephalon. For abbreviations, see List of 
Abbreviations. 
 
Figure 2.2. Photomicrographs showing egr-1 mRNA levels in response to a mating chorus 
and no sound in the ventral pallium (VP) and dorsal part of the medial pallium (dMP). Scale 
bar = 20 !m. 
  
Figure 2.3. Effect of mate chorus on egr-1 expression in five regions of the túngara frog 
pallium.  Data are shown as mean (+ SE) silver grains/cell. Numbers above bars refer to p 
values of independent ANOVAs for each brain region. For abbreviations, see List of 
Abbreviations. 
 
Figure 2.4. Spatial variation in egr-1 expression in the pallium. Data are shown as mean (+ 
SE) silver grains/cell by section number (1 – 6, anterior to posterior). Note that Y-axes vary 
among panels.   
 
Figure 2.5. The effect of chorus on egr-1 expression in the ventral pallium varied spatially. 
Data are shown as mean (+ SE) silver grains/cell by section number (1 – 6, anterior to 
posterior) in females exposed to chorus (filled circles) or no sound (open circles). Asterisks 
denote differences between treatment groups where p < 0.05 in the mean value of a 
particular section level. 
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Figure 2.1 
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Figure 2.2 
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Figure 2.3 
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Figure 2.4 
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Figure 2.5 
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CHAPTER III 
Neural Coding of Conspecific Signals in the Female Túngara Frog Brain* 
 
Summary  
 In anurans, recognition of species-specific communication signals is essential to 
finding a mate. In many species, behavioral choice tests have elucidated which acoustic 
features are important for conspecific call recognition, and numerous physiological studies 
have identified temporally and spectrally selective cells in the central auditory system of 
frogs. However, how the brain encodes conspecific call features is currently unknown. A 
recent study found that, in female túngara frogs, a greater response to conspecific versus 
heterospecific calls emerges early in the auditory pathway and is carried forward to the 
forebrain.  We followed up this study by asking what acoustic features contribute to 
increased responses to conspecific calls in the female túngara frog auditory system and 
where in the brain does call recognition emerge. Túngara frog males produce a “whine” 
advertisement call, which is a frequency-modulated sound that sweeps from approximately 
900 Hz to 400 Hz in 300 ms. The “whine” is both necessary and sufficient for species 
recognition. Previous behavioral experiments show that females recognize sequential 
presentation of 800 and 500 Hz tones (800+500) and find them as attractive as a whine. 
Yet, females do not recognize these tones presented in the reverse order (500+800). To 
identify the neural mechanisms underlying conspecific call recognition, we exposed females 
to one of four stimuli: silence, whine, 800+500 Hz tones, or 500+800 Hz tones. We 
measured the expression of the neural activity-dependent gene, egr-1, in the auditory 
system and found that whines and whine-like tones (800+500 Hz) elicited greater neural 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
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activation in the laminar nucleus of the torus semicircularis (auditory midbrain) than 500+800 
Hz tones.  In contrast, in other nuclei in the ascending auditory pathway, whines elicit egr-1 
but tones do not. These data demonstrate that the neural responses in the auditory midbrain 
correspond to behavioral responses of females to the same acoustic stimuli and they 
suggest that the laminar nucleus acts as a feature detector for the descending frequencies 
characteristic of conspecific calls.  
 
Introduction 
 In animals that rely on acoustic communication signals to coordinate reproductive 
behavior, the ability to recognize species-specific signals is essential to finding an 
appropriate mate. In anurans (frogs and toads), females use acoustic signals produced by 
males to discriminate conspecifics from heterospecifics and to choose among conspecific 
males.  Differences in the temporal (e.g., call duration, repetition rate, amplitude modulation) 
and spectral (e.g., dominant frequency, frequency modulation) structure of male mating 
signals provide useful cues for call recognition. Because recognition errors are often costly 
for females (e.g., Gerhardt, 1982), evolution has favored coding mechanisms in the anuran 
auditory system for discriminating the calls of conspecifics.   
 Anurans have two separate hearing organs located in the inner ear, known as the 
amphibian papilla (AP) and the basilar papilla (BP), that are tuned to the range of 
frequencies present in conspecific vocalizations (Capranica and Moffat, 1983; Ryan and 
Wilczynski, 1988; Wilczynski and Capranica, 1984). Early neuroethologists proposed that 
the frequency-tuning of the inner ear and auditory nerve could underlie call recognition in 
frogs (known as the “matched filter hypothesis”) (Capranica and Moffat, 1983; Frishkopf et 
al., 1968); however, subsequent studies have shown that the central auditory system also 
plays a large role in processing conspecific call stimuli.  
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 In the central auditory system, the response properties of neurons in the ascending 
auditory pathway become more complex with each successive level of processing. 
Individual neurons in the dorsal medullary nucleus (DMN) and superior olivary nucleus 
(SON) of the hindbrain have relatively simple response properties. For example, neurons in 
the DMN and SON have narrow frequency tuning curves (i.e., they each respond to only 
one or a few audible frequencies) (Fuzessery and Feng, 1981; 1983a), and most cells have 
“all pass” or “high pass” thresholds for temporal features, such as call duration and 
amplitude modulation (reviewed in Hall, 1994), which would allow for neural responses to 
both relevant and irrelevant stimuli in the animal’s environment. At higher stations along the 
auditory pathway, response properties become more complex. For example, neurons in the 
midbrain torus semicircularis (homologue of the mammalian inferior colliculus) and thalamus 
are highly selective for species-typical temporal and spectral features, such as pulse 
repetition rate and two-tone combinations (Edwards et al., 2002; Fuzessery and Feng, 1982; 
Gooler and Feng, 1992; Hall and Feng, 1986). Neurons that are selective for conspecific 
calls, per se, have not been identified (Feng and Schellart, 1999; Fuzessery, 1988). Rather, 
recognition depends on hierarchical processing of conspecific call features.  
 Despite extensive research into the response properties of neurons in the frog 
auditory pathway, we still have an incomplete understanding of how the female frog brain 
processes and discriminates conspecific male calls. A fundamental question that remains 
unanswered is whether species recognition emerges from selectivity in a single brain region 
or from a pattern of activity distributed across several brain regions that form a functional 
network. A recent study has attempted to address this question by using the expression of 
immediate early genes to map system-wide neural responses to conspecific and 
heterospecific mating calls in túngara frogs (Chakraborty and Burmeister, unpublished). 
Chakraborty and Burmeister showed that selective egr-1 induction in response to 
conspecific but not heterospecific calls emerges very early in the ascending auditory 
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pathway, as early as the level of the SON, and is carried forward to several forebrain 
auditory targets (Chakraborty and Burmeister, unpublished). These results suggest that the 
frog auditory system may be more efficient at processing conspecific than heterospecific 
sounds, but they do not address what role hierarchical processing plays in species 
recognition. To determine how species recognition emerges in the anuran auditory system, 
we asked the following questions: What call features contribute to neural responses for 
conspecific sounds? Do one or more auditory nuclei contribute to call recognition? Where in 
the brain does recognition emerge? Answering these questions will allow us to better 
understand the specific mechanisms through which the anuran auditory system encodes 
conspecific calls. 
 To address these questions, we chose the túngara frog (Physalaemus pustulosus) 
as a model system. Túngara males produce a “whine” advertisement call to attract females. 
Males can produce the whine either alone or followed by 1 – 6 “chucks.” While females 
prefer calls with the chuck component, chucks are not necessary for species recognition 
(Ryan, 1983). The whine is a frequency modulated sound with a fundamental that begins at 
1000 – 900 Hz and sweeps to 400 Hz in approximately 300 ms and has several harmonics 
(Ryan, 1985). Despite its harmonic structure, only the whine’s fundamental is necessary for 
call recognition (Rand et al., 1992; Wilczynski et al., 1995); however, any acoustic stimulus 
that pairs a high frequency tone between 900 and 560 Hz with a low frequency tone 
between 640 and 500 Hz is also recognized as a conspecific call (Wilczynski et al., 1995). 
The temporal ordering of frequencies in the whine is an important acoustic cue. Females 
only recognize the whine if the call sweeps from high to low (Ryan, 1983; Wilczynski et al., 
1995).  
 We presented female túngara frogs with acoustic stimuli that vary in their ability to 
confer species recognition and characterized the neural response to these sounds using the 
expression of the immediate-early gene, egr-1. Female túngara frogs heard playbacks of P. 
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pustulosus whines, 800 + 500 Hz sequential tones, 500 + 800 Hz sequential tones, or no 
sound. Descending tones are sufficient to elicit phonotaxis behavior and are as attractive to 
females as a natural whine; however, females do not recognize ascending tones (500+800) 
as a conspecific call (Wilczynski et al., 1995). By using tones that contain the same 
frequency components, but differ in their temporal arrangement and in their biological 
meaning to females, we can ask specifically whether the direction of the frequency sweep 
triggers responses in auditory brain regions that might be involved in call recognition. We 
predicted that brain regions that are specialized to process frequency information, such as 
the SON, would respond equally to whines and tonal stimuli, but brain regions that integrate 
frequency and temporal information, such as the midbrain and thalamus, would only 
respond to stimuli with relevant, species-specific acoustic properties (800+500 Hz and 
whine). As predicted, we found that the laminar nucleus of the torus semicircularis 
responded similarly to 800+500 Hz tones and whines. In contrast, all other auditory brain 
regions that we examined showed egr-1 induction only in response to full whines. We 
conclude that neural selectivity in the laminar nucleus likely plays an important role in the 
process of species recognition. We also conclude that neural responses in the laminar 
nucleus can predict females’ behavior in two-choice recognition tests, which is consistent 
with the idea that it is an important center for audio-motor integration. Taken together, our 
findings indicate that female mating preferences could be mediated by neural responses in 
the auditory midbrain.  
 
Methods 
Acoustic Stimuli 
  We chose three conspecific call exemplars from (Ryan and Rand, 2003b) to use as 
our experimental stimuli (“Oc”, “M”, “Sd”). We created whine stimuli from natural whine + 1 
chuck calls by cutting off the chuck. All whines had a similar duration and dominant 
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frequency and were at or close to the mean of the Gamboa population (Table 3.1). For 
detailed measurements of other spectral and temporal characteristics of these whine calls, 
see Ryan and Rand (2003b). Tones stimuli consisted of a two-tone sequence with a total 
duration that approximates a natural whine and is partitioned as follows: 800 Hz for 100 ms 
followed by 500 Hz for 200 ms (800+500) and 500 Hz for 100 ms followed by 800 Hz for 200 
ms (500+800). Identical two-tone combinations were used in the phonotaxis tests described 
in Wilczynski et al. (1995).  We shaped tones stimuli by the amplitude envelope of the whine 
exemplars described above so that each stimulus group had three exemplars. This resulted 
in whines and corresponding tones stimuli that had the same temporal characteristics (e.g., 
signal duration, rise time, fall time) and amplitude modulation (Fig. 3.1). All stimuli were 
analyzed, synthesized, and/or processed using Signal sound analysis software (Engineering 
Design, Berkeley, CA).  
 Because we wanted to broadcast the frequencies in our acoustic stimuli without 
amplification or attenuation of a particular frequency band, we modified the stimuli to 
account for the frequency response characteristics of our amplified speaker system. Briefly, 
we used Vibrotoolbox (M. Gridi-Papp, University of the Pacific) to create a transfer function 
that represented the frequency response of our speakers (PAL speaker, Tivoli Audio, 
Cambridge, MA) between 100 Hz and 6000 Hz. We then filtered each acoustic stimulus by 
the inverse of this transfer function, which effectively created a flat frequency response for 
the speaker during stimulus playback. Each playback consisted of a single call exemplar 
repeated every 2 s in order to approximate the average calling rate of túngara males. We 
set playback amplitude at 82 dB (re 20 µPa) at ~25 cm from the speaker. 
 
Animals 
 We captured female túngara frogs (Physalaemus pustulosus) in amplexus near 
Gamboa, Panama from 29 October to 25 November, 2007 between 20:00 and 22:45 h. We 
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transported females back to the laboratory of the Smithsonian Tropical Research Institute 
and isolated them in dark acoustic chambers for 10 hours. We lined the floors of the 
chambers with wet paper towels to prevent dehydration and the animals were enclosed 
within circular mesh arenas (8 cm diameter). After the acclimation period, we exposed 
females to playbacks of descending tones (800+500 Hz) (n = 8), ascending tones (500+800 
Hz) (n = 9), or whine (W) calls (n = 9) for 30 minutes followed by 30 minutes of silence 
before sacrifice. Some females (n = 6) received no acoustic stimulation and were sacrificed 
1 hr following the acclimation period.  
 
Tissue Preparation and In Situ Hybridization 
 We fixed females’ brains in 4% paraformaldehyde for 10 min, embedded in OCT 
embedding medium (Sakura Finetek, Torrance, CA), and rapidly froze them in liquid 
nitrogen. We transported them to our UNC-CH laboratory on dry ice and stored them at -
80°C until sectioning. We sectioned brains on a cryostat at 16-µm thickness and mounted 
them onto slides (Superfrost Plus, Fisher Scientific, Pittsburgh, PA).  We created 
radioactively labeled (S-35, GE Healthcare, Piscataway, NJ) egr-1 mRNA probes by reverse 
transcription from plasmids containing P. pustulosus egr-1 cDNA (GenBank Accession No. 
AY562993).  All slides were processed simultaneously to eliminate variation between 
procedures. We performed in situ hybridization according to the protocol described in 
Burmeister et al. (2008). To visualize the bound riboprobe, we dipped slides in Kodak NTB 
emulsion, allowed them to dry, and stored them in lightproof boxes at 4°C for 14 days before 
developing with Kodak D-19 developer and Kodak fixer and counterstaining with thionin.  To 
confirm the specificity of our egr-1 riboprobe, we noted the absence of binding in tissue 
hybridized with sense strand riboprobe under identical hybridization conditions. 
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Quantification of egr-1 Expression 
 We measured egr-1 expression in select nuclei of the ascending auditory pathway. 
We sampled from the superior olivary nucleus (SON), both the laminar and principal nuclei 
of the torus semicircularis (Ltor and Ptor, respectively), central thalamus (Cthal), and 
posterior thalamus (Pthal) (Fig. 3.2). We chose these brain regions because previous 
experiments have demonstrated egr-1 expression biases for conspecific over heterospecific 
(Physalaemus enesefae) calls (Chakraborty and Burmeister, unpublished). For all brain 
regions, we quantified egr-1 mRNA expression using a 60! objective in one hemisphere of 
the brain chosen at random.  
 We quantified egr-1 expression from digital photomicrographs taken with a SPOT 
FLEX camera attached to a Leica DM 5000B microscope. For each section, we took three 
images: a color image of Nissl-stained tissue in the brain region of interest, a blue-filtered 
image of only the silver grains in the same field of view (“grains image”), and a blue-filtered 
image of an area of the slide containing no tissue to represent local background silver grain 
density (“background image”). In the blue-filtered images, exposure, brightness and contrast 
settings were the same for each picture of a given section. We used ImageJ (National 
Institutes of Health, Bethesda, MD) to convert the grains and background images to binary 
and to count the silver grains in each image using the analyze particles feature. This feature 
counts the number of discrete objects (silver grains or clusters of silver grains) in the image 
that have a minimum size of 1 pixel. We subtracted the number of background silver grains 
from the number of silver grains in the region of interest to get number of silver grains above 
background per image. We then used the point selection tool in Image J to mark and count 
all visible cells in the color image of the region of interest. Our final measure of egr-1 mRNA 
expression for each section was the number of silver grains above background per cell. We 
calculated mean egr-1 expression from three consecutive sections for each brain region, 
which we expressed egr-1 as fold-change relative to the no sound group. 
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Statistical Analysis 
 We used SAS version 9.1 and JMP version 7 (SAS, Cary, NC) for all statistical 
analyses. We were interested in whether egr-1 expression levels are higher in response to 
stimuli that females recognize as conspecific calls compared to sound stimuli that are not 
recognized, and if so, where in the brain this effect emerges. To do this, we conducted 
separate one-way ANOVAs for each brain region in order to test whether egr-1 expression 
varied with acoustic stimulus (no sound, W, 800+500, 500+800) within each brain region. 
We excluded call exemplar to simplify the models and because our initial analysis 
suggested that it did not have an effect on variation in egr-1 expression across brain regions 
or across treatments (full linear model including all brain regions: exemplar, F(2,146) = 0.17, p 
= 0.84, treatment ! exemplar, F(4,146) = 0.82, p = 0.52). We used orthogonal contrasts to 
compare females that heard whine or ascending tones (recognized as conspecific call) to 
females that heard descending tones (not recognized). We also tested for an effect of sound 
on egr-1 in each brain region by comparing females that heard a sound stimulus (W, 
800+500, 500+800) to no sound controls. In addition, to confirm that conspecific calls and 
800+500 Hz tones, in particular, elicited egr-1 induction we compared whine or 800+500 
and no sound groups using a Student’s t-test.  
 To confirm that the effect of acoustic treatment varied across brain regions, we 
conducted a hierarchical linear model with acoustic treatment (no sound, W, 800+500, 
500+800) and brain region (SON, Ltor, Ptor, Cthal, Pthal) as fixed factors. Brain region was 
nested within individual because egr-1 measurements from different regions in the same 
brain are likely correlated. Individual was modeled as a random factor. Under these 
conditions, a SAS mixed effects model, as opposed to a general linear model, enables a 
more accurate estimate of within-groups vs. between-groups effects because it assumes 
that nested observations (i.e., egr-1 in individual brain regions) are not independent from the 
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random grouping factor (frog), although measurements from individual frogs are 
independent from each other (Wang, 1997).  
 
Results 
 We found that overall patterns of stimulus-evoked egr-1 expression differed among 
brain regions (treatment ! region, F(12,146) = 2.02, p = 0.03). In all brain regions but one, we 
found a main effect of acoustic stimulus on egr-1 expression (Table 3.2). The egr-1 
expression pattern in the Ltor corresponded with the behavioral relevance of the acoustic 
treatment; egr-1 expression was elevated in females hearing acoustic stimuli that are 
recognized as conspecific calls (W and descending tones, t(24) = 2.25, p = 0.03) compared 
to those hearing non-salient tones stimuli (Table 3.3; Fig. 3.3). Although not statistically 
distinguishable from no sound controls, ascending tones (500+800 Hz) elicited an 
intermediate level of expression in the Ltor (Fig. 3.3), which may reflect the fact that some 
neurons in this brain region respond to the sound frequencies in the stimulus regardless of 
their temporal arrangement. 
 In contrast, in the SON and Cthal, hearing a whine call induced an increase in egr-1 
mRNA expression compared to no sound; however, all tones stimuli failed to induce egr-1 
expression (Table 3.3; Fig. 3.3). Similarly, in the Pthal, we found that hearing a whine call 
induced an increase in egr-1 expression compared to no sound (Table 3.3), while hearing 
ascending tones (500+800) did not cause an increase in egr-1 expression (t(26) = 0.04, p = 
0.97; Fig. 3.3).  The response to 800+500 tones in the Pthal was intermediate (Fig. 3.3). 
Despite the fact that túngara females respond behaviorally to descending tones, we found 
no significant egr-1 induction in response to 800+500 Hz stimuli in the SON or thalamus 
(Table 3.3). Finally, we failed to find a significant effect of acoustic treatment in the Ptor 
(F(3,36) = 1.83, p = 0.17) and none of the contrasts showed differences in egr-1 expression 
between stimuli (Table 3.3).  
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Discussion 
 In this study, we investigated how the female frog brain represents conspecific 
signals. We approached this problem by comparing egr-1 levels in response to acoustic 
stimuli that females recognize to stimuli that they do not recognize in order to determine 
which brain nuclei are involved in call recognition. We predicted that brain regions that are 
lower in the ascending auditory pathway would respond equally to conspecific calls and 
tones stimuli, but that higher brain regions, such as the auditory midbrain (torus 
semicircularis) and thalamus, would show a response bias for stimuli with acoustic features 
that are relevant for mate recognition (i.e., 800+500 Hz tones and whine). Interestingly, we 
found that only the laminar nucleus of the torus semicircularis (Ltor) responded similarly to 
whines and 800+500 Hz tone combinations. These results suggest that the Ltor may be 
acting as a “neural analyzer for call recognition” (sensu Wilczynski et al., 1995) because its 
response properties closely follow the rules that govern female túngara frogs’ responses in 
behavioral tests of call recognition. In contrast, only the full whine elicited significant egr-1 
induction in nuclei of the hindbrain (SON) and thalamus (Cthal, Pthal). Additionally, unlike 
some previous studies (Hoke et al., 2004; Chakraborty and Burmeister, unpublished; but 
see Hoke et al., 2008), we did not find an effect of sound on egr-1 expression in the principal 
nucleus of the torus semicircularis (Ptor). Thus, although a general pattern of neural 
responsiveness to conspecific calls emerges at the level of the SON and is carried forward 
to higher auditory centers (this study; Chakraborty and Burmeister, unpublished), only the 
Ltor appears to respond more generally to other stimuli that also elicit recognition behavior 
(800+500). Although our data cannot determine whether species recognition emerges from 
selectivity in the Ltor alone or whether other brain nuclei also participate, our results are 
consistent with the idea that Ltor activation is sufficient to explain the behavioral decisions of 
female túngara frogs. 
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 Consistent with previous work, we found that the Ltor is sensitive to a particular 
feature of conspecific calls. Several studies have shown that neurons in the frog auditory 
midbrain have complex response properties and they are sensitive to acoustic parameters in 
both the temporal and frequency domains. For example, the torus semicircularis is highly 
selective for fine-scale temporal modulation (e.g., rise time and pulse repetition rate) 
(Edwards et al., 2002; Gooler and Feng, 1992), and some neurons exhibit “AND gate” 
properties in that they require particular two-tone combinations to fire action potentials 
(Fuzessery, 1988; Fuzessery and Feng, 1983b). Our results indicate that the relevant 
acoustic feature of the conspecific call that elicits an egr-1 response in the Ltor is likely to be 
the direction of frequency modulation over time, because more neurons respond to whines 
and whine-like descending tones than to ascending tones. However, because the duration 
of our 800 Hz and 500 Hz tones is linked with their temporal order (i.e., the tone that comes 
first is always shorter than the tone that comes second), it is possible that egr-1 in the Ltor is 
influenced by the duration of the tones, not their sequence. For instance, the Ltor might be 
more sensitive to longer stimulation at 500 Hz, which would result a response to whines and 
800+500 tones, but not 500+800 tones. While this remains a possibility, the temporal 
arrangement of frequencies in the whine has been demonstrated to be a more relevant 
feature for call recognition than the duration of low frequency stimulation. Females will still 
phonotax towards a whine with the final 150 ms deleted (which includes frequencies 
between 520 – 400 Hz), but they do not recognize full-spectrum whines that are reversed 
(Ryan, 1983; Wilczynski et al., 1995). Nevertheless, future studies should test whether the 
Ltor is sensitive to the specific duration of the tonal components in the P. pustulosus whine 
in order to better characterize the acoustic features required to enable call recognition. 
 Ascending tones (500+800 Hz) do elicit a small, but non-significant increase in egr-1 
expression in the Ltor, indicating that some neurons in the Ltor are responding to the 
presence of those frequencies alone, without the species-typical temporal cues. Indeed, a 
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small proportion of torus semicircularis neurons are so broadly tuned that they will fire in 
response to almost any frequency in the frog’s hearing range (Fuzessery, 1988). The 
intermediate egr-1 response to 500+800 Hz tones could also be a result of inhibitory 
interactions. For example, hearing a 500 Hz tone before an 800 Hz tone may inhibit many 
Ltor neurons from firing action potentials, leading to decreased levels of egr-1 in response to 
ascending tones when compared to descending tones. A similar mechanism has been 
invoked to explain selectivity for the downward sweep of the echolocation pulse in the 
auditory midbrain of the pallid bat, where early low-frequency stimulation triggers inhibitory 
potentials, thus preventing neural responses to upward sweeps (Fuzessery et al., 2006). 
The same may be true for the anuran auditory system, since a majority of neurons in the 
torus semicircularis tuned to higher frequencies exhibit low-frequency inhibition (500 Hz or 
below), and vice versa (Fuzessery and Feng, 1982; Walkowiak, 1980). Thus, perhaps the 
relative timing of activity in two neural populations encodes in the Ltor the direction of the 
frequency sweep in conspecific calls. Further studies are necessary to determine the 
mechanisms of selectivity for frequency-modulated calls in the frog midbrain. 
 In addition, our results are consistent with the notion that the Ltor is an important 
center for audio-motor integration. We demonstrated that acoustic stimuli that elicit 
behavioral responses in females also elicit more egr-1 expression in the Ltor, suggesting 
that activation patterns in this brain region may play a role in biasing phonotaxis behavior 
towards these stimuli. The Ltor distributes auditory information to motor centers and in turn 
receives descending input from them (for review see Hall, 1994; Walkowiak and Luksch, 
1994; Wilczynski and Endepols, 2007). For instance, the Ltor sends efferent fibers to motor 
regions in the medulla and spinal cord (Luksch and Walkowiak, 1998) and it is reciprocally 
connected to the striatum (Endepols and Walkowiak, 1999; 2001; Neary, 1988). While 
lesioning studies indicate that the torus semicircularis is important for female frogs to display 
normal phonotaxis behavior (Endepols et al., 2003), it is unlikely that neural activity in the 
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Ltor is directly related to motor behaviors. For instance, a previous study using egr-1 as a 
marker for neural activity did not find that Ltor activation is directly correlated with motor 
behavior in túngara frog males (females were not included in that study) (Hoke et al., 2007). 
Thus, our results are consistent with the idea that the Ltor acts as a “gatekeeper” that 
selectively transmits relevant acoustic information to motor areas (Hoke et al., 2008), 
thereby biasing behavioral output to species-typical stimuli. This makes the Ltor a good 
candidate in which to further investigate the neural basis of female mating preferences.  
 In contrast, in spite of the fact that túngara females themselves respond behaviorally 
to descending tones, we found no significant egr-1 induction in response to 800+500 Hz 
stimuli in the SON or thalamus, suggesting that these brain regions need the whine, with its 
greater spectral complexity, to mount a significant genomic response.  Furthermore, in 
contrast to our predictions, a lower auditory center (SON) appeared to be more 
discriminating than a higher auditory center (Ltor) in its lack of response to non-call stimuli. 
One possible explanation why tones failed to induce egr-1 in the SON could be related to 
the method that we used to measure neural responses. If 800 Hz or 500 Hz tones 
stimulated too few neurons, we might fail to detect significant levels of egr-1 induction using 
the measure of silver grains per cell. In fact, a majority of cells in the SON have very narrow 
frequency tuning curves (reviewed in Fuzessery, 1988), and none have been found to 
require multiple tone stimulation in order to fire (Fuzessery and Feng, 1983a). Thus, only a 
very small number of neurons in the SON might respond to 800 Hz or 500 Hz tones. In the 
thalamus, we predicted that whines and whine-like tone combinations (800+500) would elicit 
a similar level of neural activity, primarily because of the complex physiological response 
properties of thalamic neurons. Neurons in the Cthal have broad frequency responses and 
are selective for the temporal features of complex signals (Hall and Feng, 1986; 1987), while 
Pthal cells have narrower frequency tuning, but respond preferentially to specific two-tone 
combinations that characterize conspecific mating calls in Rana pipiens and Hyla cinerea 
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(Fuzessery and Feng, 1983b; Hall and Feng, 1987; Mudry and Capranica, 1987).  At this 
point, it is unclear why the thalamus failed to respond to whine-like tones in túngara frogs. 
However, egr-1 expression in the Cthal and Pthal is selective for conspecific calls over 
heterospecific calls (Hoke et al., 2007; Chakraborty and Burmeister, unpublished) and 
covaries with movement (Hoke et al., 2007), indicating that the thalamus may still play an as 
yet undefined, but important role in call recognition.  
 However, these results could also be interpreted another way: in the SON and 
thalamus, egr-1 expression appears to be linked to the social importance of the signal, 
because whines, but not descending tones, have relevance to the females’ natural history. 
Because it is a natural mating call, the whine likely acts as a potent stimulus for other 
aspects of female physiology and behavior, aside from phonotaxis. For example, one 
possibility is that neural responses to whines, but not to other acoustic stimuli, are an 
important mechanism by which social interactions influence females’ reproductive 
physiology (Wilczynski and Chu, 2001; Wilczynski et al., 2005). For instance, reception of 
conspecific signals could selectively regulate the endocrine system via auditory projections 
from the thalamus to the anterior preoptic area and ventral hypothalamus (reviewed in 
Wilczynski et al., 1993). In fact, Lynch and Wilczynski (2006) found that female túngara 
frogs that were exposed to a mating chorus had higher circulating estradiol concentrations 
than females exposed to random tones, suggesting that socially relevant acoustic input can 
play a role in regulating sex hormones. Given this possibility, future studies should continue 
to explore the role of whine-selective egr-1 expression in brain regions involved in regulating 
physiological and behavioral responses. 
 In conclusion, our results confirm the results of a previous study that found 
widespread activation in response to conspecific calls in the ascending auditory system of 
female túngara frogs (Chakraborty and Burmeister, unpublished), and we extend these 
findings to show selective activation of the laminar nucleus of the torus semicircularis in 
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response to acoustic stimuli that elicit species recognition.  Our results suggest that the Ltor 
is an auditory nucleus that is specialized for detecting the species-typical temporal and 
spectral properties of acoustic signals, and therefore may play an especially important role 
in species recognition and mate choice in túngara frogs. For instance, Ltor activation in 
response 800 + 500 Hz tones could, in principle, explain how the brain discriminates P. 
pustulosus males from distantly related Leptodactylid species whose calls are an ascending 
frequency sweep.  The response properties of Ltor neurons may also explain discrimination 
of the more subtle differences in frequency modulation that differentiate members of the 
Physalaemus species group from one another. All members of this genus produce whine-
like frequency modulated calls that consist of a fundamental frequency ! 1000 Hz and that 
sweeps downward to about half of the starting frequency (Ryan and Rand, 1993b), but their 
total durations and rate of frequency modulation vary. For example, whine calls of sympatric 
species P. enesefae and P. pustulosus are both characterized by a downward frequency 
sweep starting at about 1000 Hz and descending to about 400 Hz, but the downsweep in P. 
enesefae calls is much slower than in P. pustulosus (720 ms compared to 300 ms) (Ryan, 
1985; Ryan and Rand, 2003b; Tárano, 2001). Both calls follow the ‘800 then 500’ pattern, 
but the 500 Hz stimulation in the P. enesefae call might occur too late to trigger a response 
from the low-frequency responsive population in the P. pustulosus “neural analyzer.” Thus, it 
is important to test whether the Ltor is also selective for the specific duration of the tonal 
components of the P. pustulosus whine (i.e., short 800 Hz, long 500 Hz) in order to fully 
understand discrimination between these closely related Physalaemus species. Finally, the 
response properties of the Ltor could also help explain why female P. pustulosus sometimes 
make recognition errors. In some two-choice tests, the calls of Physalaemus coloradorum 
elicit phonotactic responses from females when paired against a white noise stimulus (Ryan 
and Rand, 1993b). P. coloradorum calls are also whine-like, beginning at about 1200 Hz 
and sweeping to 610 Hz in 169 ms (Ryan and Drewes, 1990). The call’s short duration 
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allows it to stimulate 800 Hz and 500 Hz receptors within the same timeframe as the 
800+500 Hz stimuli used in this experiment (i.e., within the first 100 ms). Thus, it is possible 
that P. coloradorum calls would elicit the same neural response as our 800+500 Hz tones. 
More studies are needed to characterize Ltor activity in response to the acoustic features of 
heterospecific calls in order to understand how such responses may underlie interspecific 
discrimination. 
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Table 3.1. Call characters of whine stimuli used in this experiment. Mean and standard 
deviation of call characters shown. For call duration, standard deviation is also expressed as 
a percentage of the total call duration. 
 
Whine  
Exemplar ID (Ryan et al. 2003) 
Dominant  
Frequency (Hz) 
Call  
Duration (ms) 
1 Oc 786.0 339.7 
2 M 807.5 328.6 
3 Sd 764.4 339.2 
 Mean 785.96 335.8 
 St Dev 21.55 6.27 
 St Dev (% of Call Dur)  1.87 
“M” = Call with acoustic characters of population mean in Gamboa, Panama
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Table 3.2. Main effects of acoustic stimulus on egr-1 expression in brain regions of the 
ascending auditory system. 
Brain Region ANOVA F (p) 
SON F (3, 26) = 4.89 (0.008) 
Ltor F (3, 24) = 5.46 (0.005) 
Ptor F (3, 26) = 1.83 (0.17) 
Cthal F (3, 24) = 10.88 (0.0001) 
Pthal F (3, 26) = 3.04 (0.046) 
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Table 3.3. Planned orthogonal contrasts describing egr-1 expression in the ascending auditory system.  
 Code SON (df = 26) Ltor (df = 24) Ptor (df = 26) Cthal (df = 24) Pthal (df = 26) 
Contrast NS, W, DT, AT t p t p t p t p t p 
Recognized vs 
Not Recognized 
 
0,1, 1, -2 1.71 0.10 2.25 0.03 0.62 0.54 2.78 0.01 1.72 0.10 
Sound vs No Sound -3, 1, 1, 1 1.87 0.07 3.41 0.002 0.54 0.59 1.71 0.10 1.02 0.32 
Whine vs No Sound -1, 1, 0, 0 3.37 0.002 2.91 0.007 1.59 0.12 4.42 0.0002 2.35 0.03 
800+500 vs No Sound -1, 0, 1,0  0.66 0.51 3.80 0.0009 -0.31 0.76 0.03 0.97 0.32 0.75 
 
Abbreviations: NS, no sound; W, whine; DT, descending tones; AT, ascending tones. See also Abbreviations list.
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Figure Legends 
 
Figure 3.1. Waveforms and spectrograms of call stimuli used in this experiment.  
 
Figure 3.2. (A) Simplified schematic of ascending auditory connections through the 
thalamus. (B) Photomicrographs and corresponding schematic diagrams of auditory brain 
regions sampled taken with a 5! objective. Boxes indicate sampling window. Scale bar 
represents 200 µm.  
 
Figure 3.3. Effect of whine and tones stimuli on egr-1 expression in select nuclei of the 
ascending auditory system. Data are shown as mean (±SE) fold change in egr-1 expression 
relative to silent control group. Letters above bars indicate groups that are statistically 
different (post hoc t-test, p < 0.05).  
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  CHAPTER IV 
Neural Activity in Female Túngara Frogs in Response to Calls that Vary 
 in Attractiveness 
 
Summary 
 Intraspecific variation in male signals is an important cue used by females to assess 
the relative attractiveness of potential mates. In túngara frogs, females choose their mates 
based on the attractiveness of male acoustic signals. Male túngara frogs produce a mating 
call that is a simple, frequency-modulated downsweep known as a “whine.” They can 
increase the complexity of their call by adding up to 6 broad-spectrum call components 
known as “chucks”. Females strongly prefer whines with chucks compared to whines. One 
way in which signal attractiveness may be encoded in the brain is by variation in the level of 
neural activity elicited by conspecific calls of varying complexity. Given female preferences 
for whines with chucks, we predicted that the level of neural activation in the female brain 
would be higher in response to complex calls relative to simple calls. To test this hypothesis, 
we exposed females to one of three acoustic treatments: silence, whine, or whine + 3 
chucks. We quantified egr-1 expression in the ascending auditory pathway, which includes 
the superior olivary nucleus, the torus semicircularis, and the thalamus.  In addition, to 
evaluate whether forebrain targets of the auditory system show greater activity in response 
to complex calls, we also measured egr-1 in the dorsal part of the medial pallium, ventral 
part of the lateral septum, preoptic area, and ventral hypothalamus. We found that egr-1 
was higher in females that had heard calls relative to those that had heard silence, but when 
we compared neural responses to whine and whine + 3 chucks within the same brain 
region, we found that both types of calls elicited similar levels of egr-1 expression. In 
addition, principal component analysis showed that neural responses in the auditory system, 
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as well as some forebrain auditory targets, were tightly correlated with each other. When 
egr-1 responses from these brain nuclei are considered together, discriminant function 
analysis classified females into groups that had heard whine or whine + 3 chucks with about 
50% accuracy. These results suggest that the magnitude of neural activity in acoustically 
responsive brain regions, as measured by the overall level of egr-1 expression, does not 
explain female preferences for call complexity in the túngara frog. Future work should 
examine the possibility that patterns of activity across multiple brain regions, rather than the 
magnitude of the response, underlies neural selectivity for preferred mating signals. 
 
Introduction 
 Male signals transmit information about a sender that females can use to make mate 
choice decisions (Andersson, 1994). Differences between the signals of different species 
are important for conspecific recognition because they prevent females from wasting costly 
resources in mating with a male of the wrong species. However, intraspecific variation in 
male signals is also important for females to assess the attractiveness of a potential mate 
relative to others that are available. In many vertebrate species, when females assess 
conspecific males they often prefer those that produce signals of greater intensity or 
complexity to males with simpler signals. For example, in some species of birds and fish, 
males displaying longer tails (Andersson, 1982; Basolo, 1990a) or brighter colors (Bakker 
and Mundwiler, 1994; Hill, 1990; Johnson et al., 1993; Kodric-Brown, 1985) are more 
successful in attracting females. Similarly, in several species of songbirds and frogs, which 
primarily communicate acoustically, females prefer longer or more complex vocalizations to 
simpler ones (Gentner and Hulse, 2000; Klump and Gerhardt, 1987; Mountjoy and Lemon, 
1996; Ryan, 1980; 1985).  In some cases, females prefer more complex traits even when 
the extent of the elaboration is beyond the range of natural variation in conspecific males 
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(Andersson, 1982; Dr!g!noiu et al., 2002) or when the elaboration is present only in 
heterospecific males (Basolo, 1990b; Basolo, 1995a; Ryan and Rand, 1993a).   
 Understanding the mechanisms by which female choice operates can help us to 
understand reproductive behavior at multiple levels of biological organization, from the 
neural basis of decision-making to the evolution of male mating signals.  In particular, 
identifying the mechanisms by which variation in male signals is encoded in the brain and 
how these mechanisms may generate biases in female mate choice behavior is important 
for understanding the evolution of female preferences through sexual selection. One 
mechanism by which male signal attractiveness may be encoded in the brain is through 
variation in the level of neural activity elicited by male advertisement signals. Specifically, 
elaborate or complex signals may elicit more neural activity than simpler signals in brain 
regions that process signals or influence mate choice, thereby biasing female behavioral 
responses in the direction of these signals (Ryan and Keddy-Hector, 1992). For example, in 
some songbirds, select regions of the auditory forebrain show increased neural activity in 
females listening to female-preferred songs with longer bout lengths (Gentner et al., 2001) 
or more complex frequency-modulated syllables (Eda-Fujiwara et al., 2003; Leitner et al., 
2005) compared to females listening to less elaborate male signals. These studies imply 
that behavioral selectivity towards female-preferred signals may be mediated by neural 
selectivity in brain regions that process male signals, yet because several acoustic 
parameters vary among the conspecific signals studied (e.g., bout length and number of 
syllables), it remains unclear what precise mechanisms underlie selective responses to 
certain male songs. 
 Túngara frogs (Physalaemus pustulosus) are an excellent model system in which to 
address questions about how attractiveness is encoded in the brain. Extensive research has 
been directed toward understanding female mating preferences. Male túngara frogs produce 
simple, frequency-modulated advertisement calls, known as “whines,” that females use to 
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locate and identify potential mates. Males can produce a whine alone, or they can add up to 
six additional call components, known as  “chucks.”  Females strongly prefer whines with 
chucks compared to whines (85% of females in two-choice tests) (Ryan, 1980; 1985; Ryan 
and Rand, 2003a); however, the number of chucks does not influence the attractiveness of 
a male’s call (Bernal et al., 2009).  The whine and the chuck are largely detected by two 
separate parts of the frog inner ear: the lower frequency whine stimulates the amphibian 
papilla (best excitatory frequency = 500 Hz), while the higher frequency chuck mainly 
stimulates the basilar papilla (best excitatory frequency = 2100 Hz) (Ryan et al., 1990). 
Because only the complex call stimulates both inner ear organs, it has been proposed that 
this peripheral auditory tuning explains female preferences for whines with chucks (Ryan 
and Rand, 1990; Wilczynski et al., 2001). However, more recent studies suggest that the 
mechanisms underlying selective behavioral responses to complex calls most likely depend 
on the response properties of both the peripheral and the central auditory system (Bosch 
and Boyero, 2003; Ron, 2008; Tarano and Ryan, 2002). In particular, Wilczynski et al. 
(1995) predict that the acoustic energy in the chuck component provides added stimulation 
to the neural circuitry governing mate choice decisions, thereby acting as a “gain control” to 
increase the likelihood of behavioral output in response to complex calls. Given female 
behavioral preferences for whines with chucks, we asked whether hearing the complex call 
elicits more neural activity in the female brain than hearing whine alone, as measured by 
egr-1 gene expression. In this chapter, we refer to such directional patterns of neural activity 
as “neural activity biases” or “neural response biases.” 
 Because the processes by which the nervous system perceives, assesses, and 
responds to a signal emerge from hierarchical processing, we hypothesized that neural 
activity biases for whines with chucks could emerge at one or more stages in the neural 
processing of the signal. Thus, we predicted neural activity biases for whines with chucks in 
the frog central auditory system (superior olivary nucleus, auditory midbrain, and thalamus) 
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and in brain regions where auditory inputs converge on neural pathways that influence 
behavior. In frogs, brain regions that receive auditory information and are likely involved in 
some aspect of sexual behavior include the ventral hypothalamus, preoptic area, medial 
pallium, and septum (Allison and Wilczynski, 1991; Neary and Wilczynski, 1986; Roden et 
al., 2005; Walkowiak et al., 1999; Wilczynski and Endepols, 2007). Additionally, we 
predicted that simple and complex calls might differentially activate functional networks that 
span multiple brain regions. To address this possibility, we collapsed egr-1 responses from 
multiple brain regions into principal components and used discriminant function analysis to 
assess whether neural activity across multiple brain regions could distinguish females that 
had heard whines from those that had heard whines with chucks. If multivariate analyses 
reveal differences in the neural response to whines and whines with chucks, then it would 
suggest that female call preferences emerge from the interaction of different processing 
mechanisms distributed in different regions of the brain. Contrary to our predictions, we 
found that both whine and whine + 3 chucks elicited similar levels of egr-1 expression in all 
brain regions that we examined, suggesting that the magnitude of the responses in these 
brain regions do not explain female preferences for complex calls.  Principal component 
analysis revealed that neural responses in the auditory system and forebrain were tightly 
correlated, suggesting that these regions could make up a functional network, but 
multivariate responses to whine and whine + 3 chucks did not statistically differ. Discriminant 
function analysis of the principal components reliably identified animals that had heard 
silence, but was 50% accurate in classifying females into groups that had heard whine or 
whine + 3 chucks. Together, our results fail to support the prediction that an overall neural 
activity bias for complex calls underlies female mating preferences in túngara frogs.   
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Methods 
Acoustic Stimuli 
  We chose three whine + 1 chuck exemplars from Ryan and Rand (2003b) to use as 
our experimental stimuli (“Oc”, “M”, “Sd”).  Using Signal sound analysis software 
(Engineering Design, Berkeley, CA), we created whine calls by cutting off the chuck. To 
synthesize whine + 3 chucks stimuli, we appended the original chuck onto the whine three 
times. Thus, each experimental group had the same three call exemplars, which differed 
only in the presence or absence of chucks (Fig. 4.1). We measured call duration, dominant 
frequency of the whine and chuck components, and total call energy. All three exemplars 
had a similar duration and dominant frequency and were at or close to the mean of the 
Gamboa, Panama population (Table 4.1). For detailed measurements of other spectral and 
temporal characteristics, see Ryan and Rand (2003b). We then modified our stimuli to 
compensate for the frequency response characteristics of our amplified speaker system 
according to the procedure described in Chapter III. Each playback consisted of a single call 
exemplar repeated every 2 s to approximate the average calling rate of túngara males. We 
set playback amplitude at 82 dB (re 20 µPa) at ~25 cm from the speaker.  
  
Animals 
  We captured female túngara frogs (Physalaemus pustulosus) in amplexus near 
Gamboa, Panama from 29 October to 25 November, 2007 between 20:00 and 22:45 h, 
transported them to the laboratory of the Smithsonian Tropical Research Institute, and 
isolated them in dark acoustic chambers for 10 hours. We lined the floors of the chambers 
with wet paper towels to prevent dehydration and enclosed the animals within circular mesh 
arenas (8 cm diameter). After the acclimation period, we exposed females to playbacks of 
whine (n = 9) or whine + 3 chucks (n = 11) for 30 minutes followed by 30 minutes of silence 
before sacrifice. Some females (n = 6) received no acoustic stimulation and were sacrificed 
!! 74 
1 hr following the acclimation period. This experiment was conducted in conjunction with the 
experiment described in Chapter III. Thus, the animals in the whine and no sound groups 
are the same individuals as in the previous chapter.  
 
Tissue Preparation and In Situ Hybridization 
 We fixed females’ brains in 4% paraformaldehyde for 10 min, embedded them in 
OCT (Sakura Finetek, Torrance, CA), and rapidly froze them in liquid nitrogen. We 
transported them to our UNC-CH laboratory on dry ice and stored them at -80°C until 
sectioning. We prepared tissue for in situ hybridization exactly as described in Chapter III. 
We created radioactively labeled (S-35, GE Healthcare, Piscataway, NJ) egr-1 mRNA 
probes by reverse transcription from plasmids containing P. pustulosus egr-1 cDNA 
(GenBank Accession No. AY562993) and performed in situ hybridization according to the 
protocol described in Burmeister et al. (2008). To visualize the bound riboprobe, we dipped 
slides in emulsion, allowed them to dry, and stored them in lightproof boxes at 4°C for 14 
days. We developed slides with Kodak D-19 developer and Kodak fixer and then 
counterstained them with thionin.  To confirm the specificity of our egr-1 riboprobe, we noted 
the absence of binding in tissue hybridized with sense strand riboprobe under identical 
hybridization conditions. 
 
Quantification of egr-1 Expression 
 We measured egr-1 expression in nuclei of the ascending auditory pathway, as well 
as in a select group of forebrain auditory targets. We sampled from the superior olivary 
nucleus (SON); the laminar, principal, and magnocellular nuclei of the torus semicircularis 
(Ltor, Ptor, and MCtor, respectively); the anterior, central, and posterior thalamus (Athal, 
Cthal, and Pthal, respectively); ventral hypothalamus (VH); preoptic area (POA); ventral 
subdivision of the lateral septum (Slv); and dorsal part of the medial pallium (dMP) (Fig. 4.2). 
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We chose these regions of the frog brain based on their role in auditory processing (SON, 
Ltor, Ptor, MCtor, Athal, Cthal, Pthal) or predicted involvement in mate choice behavior (VH, 
POA, Slv, dMP). A schematic diagram of the anatomical connections of the ascending 
auditory system and its primary forebrain targets is shown in Figure 4.3.  For all brain 
regions, we quantified egr-1 mRNA expression from digital photomicrographs exactly as 
described in Chapter III. We calculated mean egr-1 expression from consecutive sections 
for each brain region as follows: SON, Ltor, Ptor, MCtor, Cthal, Athal, Pthal, 3 sections; VH, 
POA, dMP and Slv, 5 sections. We graphed egr-1 as fold-change relative to the no sound 
group. 
 
Statistical Analysis 
 We used SAS version 9.1 (SAS, Cary, NC) and JMP version 7 (SAS, Cary, NC) for 
statistical analyses. For each brain region, we conducted separate one-way ANOVAs in 
order to test whether egr-1 expression varied with acoustic treatment (no sound, whine, 
whine + 3 chucks) within each brain region. Because exemplar did not significantly 
contribute to variation in egr-1 expression between the whine (W) and whine + 3 chuck 
(W3C) groups (i.e., across all brain regions we found no effect of exemplar on egr-1 
expression (F(2,101) = 0.42, p = 0.65) or an interaction of exemplar with treatment (F(2,101) = 
2.34, p = 0.10)), we simplified our models by excluding exemplar from the analysis. We used 
orthogonal contrasts to conduct planned comparisons between treatment groups. We first 
tested for an effect of call complexity on egr-1 by comparing females that heard whine to 
females that had heard whine + 3 chucks. We also tested for an effect of sound on egr-1 
expression by comparing females that heard conspecific calls (W and W3C) to those that 
heard no sound.  
 In addition, we used multivariate statistics to explore if egr-1 expression across many 
brain regions could better distinguish whine from whines with chucks than activity in 
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individual brain regions. Because multivariate parametric tests require that data exists for all 
individuals in all brain regions, which was not the case in our dataset, we used single value 
imputation to replace missing values with the mean for each group. Although there are 
disadvantages to this approach, such as an artificial reduction of within-group variation and 
increased probability of Type I errors, we argue that it is the only means by which we can 
prevent the loss of large amounts of our data. For instance, two animals in our sample were 
missing data for 2 of 11 brain regions and an additional 5 animals were missing data for a 
single brain region. Excluding these animals entirely would have reduced our sample size by 
approximately 30%. However, for these analyses, we excluded any animal that was missing 
data for three or more brain regions (n = 3). 
 To test whether egr-1 expression in multiple brain regions could be used to 
distinguish between females in different stimulus groups, we first used a principal 
components analysis (PCA) to compute orthogonal variables, which were composed of 
groups of brain regions that responded to the acoustic stimuli in similar ways. We then used 
the principal components as factors in a one-way ANOVA with planned contrasts to test for 
differences between W and W3C groups, and to test for an overall effect of sound by 
comparing females that had heard a conspecific call (W and W3C) to females exposed to 
silence. We also tested whether PC scores (PC1 and PC2) covaried with simple acoustic 
properties of the calls (call duration, whine dominant frequency, and total call energy) using 
Pearson’s correlation coefficient. We excluded PC3 from these analyses because only one 
brain region loaded heavily on this component. 
 We performed linear discriminant function analysis to classify females by the 
acoustic stimuli to which they were exposed. Because discriminant analysis is unreliable 
when the number of independent observations (i.e., animals) approaches the number of 
response variables (i.e., egr-1 in different brain regions), we used PCA to reduce the 
dimensionality of our egr-1 data set and decrease the probability of overestimating the 
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model’s potential to classify each observation into one of the stimulus groups. We used PC 
1 and PC 2 as the independent variables and acoustic stimulus (no sound, W, W3C) as the 
grouping variable. We used Wilks’ lambda to test the ability of the discriminant function to 
distinguish between treatment groups. 
 
Results  
 We found no evidence for increased neural activity in females hearing whine + 3 
chucks compared to those hearing whine in any brain region examined (Table 4.2; Fig. 4.4).  
In the SON, females listening to whine had a higher level of egr-1 expression than females 
listening to whine + 3 chucks, but in all other brain regions mean levels of egr-1 expression 
elicited by whine and whine + 3 chucks were statistically indistinguishable (Table 4.2; Fig. 
4.4).  However, sound did influence the expression of egr-1 in most brain regions examined. 
We found that hearing any type of conspecific call resulted in higher egr-1 expression 
compared to no sound in several nuclei of the ascending auditory system (SON, Ltor, 
MCtor, Cthal, Athal), as well as in forebrain auditory targets (POA, Slv, and dMP) (Table 4.2; 
Fig. 4.4).  We did not find an effect of sound on egr-1 in the Ptor, Pthal, or VH.    
 When we considered egr-1 expression across all brain regions, we found that all 
available egr-1 measures were collapsed into three principal components that accounted for 
73% of the total variance in egr-1 across brain regions, with the first principal component 
explaining 50% of the variance (Table 4.3). Using the criteria of a factor loading of 0.50 or 
greater, we found that most brain regions we examined loaded heavily on the first principal 
component. Specifically, the Ltor, Ptor, MCtor, Pthal, Cthal, Athal, POA, dMP, and Slv 
loaded most heavily on the first component (PC1), whereas the SON and VH loaded most 
heavily on the second component (PC2). Only the Athal loaded heavily on the third 
component (PC3) (Table 4.4). Based on the small number of brain regions loading on PC3, 
which accounted for only 10% of the total variance, we excluded it from further analyses. 
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 We plotted PC1 against PC2 (Fig. 4.5) and found that PC1 appeared to discriminate 
among acoustic treatment groups better than PC2. When we compared PC scores between 
treatment groups, we found that mean responses to the whine and whine + 3 chuck groups 
did not statistically differ for either PC1 or PC2 (Table 4.5, Fig. 4.5A).  However, when we 
contrasted animals that had heard conspecific calls (W and W3C) with the no sound group, 
we found that hearing sound significantly influenced PC1, but not PC2 (Table 4.5, Fig. 
4.5A), although the interaction of acoustic treatment and principal component was not 
statistically significant (F (2, 38) = 2.56, p = 0.09). Thus, the considerable overlap between 
acoustic treatment groups in multivariate space (Fig. 4.5B) makes it difficult to draw strong 
conclusions from these data. PC1 and PC2 were not significantly correlated with call 
duration, whine dominant frequency, or total energy (all p > 0.14; data not shown). PC1 
tended to be negatively correlated with whine dominant frequency, but this relationship was 
not statistically significant (Pearson’s r2 = -0.43, p = 0.09). 
 Discriminant function analysis using PC1 and PC2 as the predictor variables 
classified females into groups based on the acoustic stimuli to which they were exposed 
(Wilks’ lambda = 0.52, p = 0.02). Overall, 64% of females were correctly classified by 
acoustic stimulus (Table 4.6). However, classification accuracy varied with treatment group. 
Animals that heard no sound were classified best (100%), while 57% of females in the W 
group and 44% of females in the W3C group were correctly classified (Table 4.6).  
  
Discussion 
 Our study addressed the overarching question: how does neural activity in the brain 
relate to female mating preferences for certain conspecific signals? In particular, we were 
interested in the neural mechanisms that mediate female preferences for complex male 
vocalizations in the túngara frog. Because females find whines with chucks more attractive 
and are more likely to choose males producing the complex call, we predicted that we would 
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find higher levels of neural activity in the brains of females hearing whine + 3 chucks 
compared to females hearing whine alone.  
 We found no evidence to suggest that complex signals elicit more neural activity than 
simpler signals in any individual brain region that we examined, which included nuclei of the 
auditory system, as well as several forebrain auditory targets that are involved in aspects of 
sexual behavior. We observed significant egr-1 induction by calls in most brain regions 
(many had greater than a 2-fold increase compared to no sound controls), but we found 
similar levels of egr-1 in response to whines and whines with chucks. Although it is difficult 
to draw strong conclusions based on negative data, our results suggest that conspecific 
calls, regardless of their complexity, elicit similar levels of neural activity in the brains of 
female túngara frogs. Our results are consistent with previous studies in túngara frogs, 
which show that egr-1 expression is similar in response to whines and whines with chucks in 
the auditory midbrain of males (Hoke et al., 2004) and in the ventral hypothalamus and 
preoptic area of females (Hoke et al., 2005). In contrast to our findings, Hoke et al. (2004) 
found that, in the principal nucleus of the torus semicircularis (Ptor), males exposed to whine 
+ 3 chucks had significantly lower egr-1 expression when compared with those exposed to 
whine, whereas we failed to find an effect of sound on egr-1 induction in the principal 
nucleus of females. The reasons for this difference are unclear, although they may reflect 
sex differences in the function of the Ptor or differences in the anatomical sampling 
strategies of the two studies. Together, these studies fail to demonstrate neural activity 
biases for complex over simple calls in acoustically responsive regions of the túngara frog 
brain; however, it remains possible that neural response biases do exist but are not 
detectable in this species using egr-1 expression as a marker of neural activity. One 
disadvantage of measuring egr-1 expression is that it does not allow for cellular resolution of 
neural activity. We cannot detect which cells are activated by W and W3C; we can only 
measure relative increases or decreases in the magnitude of the response in an entire brain 
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region. While the overall level of response is equivalent, distinct subpopulations of neurons 
within each brain region could be responding to whines and whines with chucks. Therefore, 
in this study, we may be missing an important way in which neural activity can vary with call 
complexity.  
 In contrast to our results, previous studies in female songbirds demonstrate that the 
immediate early gene response in some regions of the auditory forebrain is selective for 
complex male signals. For instance, in female European starlings (Sturnus vulgaris) and 
budgerigars (Melopsittacus undulates), ZENK (a.k.a. egr-1) protein expression in the 
caudomedial nidopallium (NCM), a region in the auditory forebrain, is greater in females 
when they are exposed to the preferred compared to less-preferred song (Eda-Fujiwara et 
al., 2003; Gentner et al., 2001). Female canaries (Serinus canaria) show higher ZENK 
mRNA expression in the caudomedial mesopallium (CMM), but not NCM, when hearing 
“sexy” compared to “non-sexy” song (Leitner et al., 2005). In these studies, female-preferred 
songs had longer bout lengths (Gentner et al., 2001), more complex frequency-modulated 
syllables (Eda-Fujiwara et al., 2003; Leitner et al., 2005), and/or an increased number of 
unique acoustic motifs (Eda-Fujiwara et al., 2003; Gentner et al., 2001). Thus, unlike in 
túngara frogs, ZENK/egr-1 expression in the songbird brain is modulated by stimulus 
complexity.  However, one important difference between these studies and the present 
study could explain the discrepancy in our results. In songbirds, some evidence suggests 
that experience can influence female behavioral preferences (Casey and Baker, 1992; 
Depraz et al., 2000; Riebel, 2000) and neural selectivity (Sockman et al., 2002) for certain 
male songs. In contrast, behavioral preferences for whines with chucks in female túngara 
frogs appear to be innate (Dawson, 2007). Therefore, experience-dependent neural 
plasticity (via egr-1 expression) may not be necessary for the expression or maintenance of 
call preferences in this species. This implies that different cellular mechanisms could 
underlie learned and unlearned female acoustic preferences. Future research on túngara 
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frogs using other immediate early genes (e.g., Arc, c-fos) is needed to address this 
hypothesis. 
 Our multivariate analyses suggest that multiple brain regions in the auditory pathway 
of frogs respond similarly to the acoustic stimuli that we presented and are potentially 
related functionally. Factor loadings of PC1 showed that egr-1 expression in nuclei of the 
ascending auditory system (Ltor, Ptor, MCtor, Pthal, Cthal, Athal), as well as in forebrain 
limbic regions associated with sexual behavior and/or behavioral decision-making (POA, 
dMP, and Slv) are strongly correlated. A similarity in the responses of these brain regions is 
likely a result of their anatomical linkage (for illustration, see Fig. 4.3). Furthermore, 
correlated egr-1 responses among these interconnected brain regions could suggest that 
they make up a functional network for processing and responding to sexual cues, similar to 
that in the frog hypothalamus (Hoke et al., 2005) or the social behavior network of mammals 
(Newman, 1999). In such networks, the activity of each brain region is secondary to the 
pattern of responses across the whole network (Newman, 1999). For example, activity in 
each brain region in the network could increase in response to both simple and complex 
mating calls, but the distributed pattern of activity throughout the network could be 
modulated by the overall attractiveness of the stimulus. Future studies in túngara frogs 
should focus on determining how brain regions in the auditory pathway work together during 
mating call reception, and whether these functional relationships are regulated dynamically 
when hearing more-preferred versus less-preferred male calls. 
 Although our sample sizes were small, we conducted discriminant analysis to 
explore whether the neural responses of multiple brain regions could classify females by the 
acoustic stimuli to which they were exposed. We found that animals that heard no sound 
were classified very reliably, but that only about 50% of females listening to conspecific calls 
were correctly classified. Among the misclassified individuals, 28% of the W group was 
misclassified as belonging to the W3C group and 22% of the W3C individuals were 
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misplaced in the W group. These classification errors were likely due to the considerable 
overlap between the PC values of the W and W3C groups. However, one interesting 
observation is that the neural responses of the individuals in the W3C group appear to be a 
subset of the neural responses observed for the W group (see Fig. 4.5 B). Clearly, a larger 
sample size is needed in order to draw further conclusions from our data, but our analyses 
raise an interesting question about whether the female brain might classify whines with 
chucks as a select, but not distinct, group of conspecific stimuli. 
 Our study suggests that female preferences for whines with chucks cannot be 
explained by selective egr-1 responses in the female túngara frog brain. However, an 
important difference between our experiments and studies that measure behavioral 
preferences could explain the lack of neural selectivity that we observed. In túngara frogs, 
female behavioral preferences for whines with chucks over whines are expressed in the 
context of a two-choice test (e.g., Ryan, 1980; 1985), which implies that females are making 
a comparison between the two calls.  In fact, we know that females continue to gather 
information about differences between male signals while approaching the signaler, and that 
females’ choices are dependent on the relative attractiveness of other available options 
(Baugh and Ryan, 2009; 2010). For example, in commitment tests, females that have made 
the decision to approach a speaker broadcasting whines with chucks will reverse their 
course to approach a more distant speaker if there is sudden change in complexity that 
results in the nearer call becoming less attractive (Baugh and Ryan, 2010). This suggests 
that mate choice in túngara frogs is an active process. However, our experimental paradigm 
does not accurately replicate the neural processes that likely take place in a natural mate 
choice situation because we presented females with only a single call option. Under these 
conditions, our neurobiological data suggest that a female’s brain is equally stimulated by W 
and W3C, despite differences in their acoustic features and the relative attractiveness of the 
calls. However, we speculate that if we were able to examine the neural activity in a 
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female’s brain while she was in the process of evaluating a W versus W3C call (such as in 
functional magnetic resonance imaging studies) it is possible that distinctive patterns of 
brain activation would emerge. 
 An alternative neural mechanism to explain female behavioral preferences is that 
complex stimuli may reduce habituation of neural activity that commonly occurs in response 
to a repeated stimulus. In female songbirds (common grackle, Quiscalus quiscula), Searcy 
(1992) noted that preferences for stimuli with multiple song motifs were due to their ability to 
elicit recovery of a habituated behavioral response each time a new song type occurred. He 
speculated that a similar phenomenon occurring at the cellular level could be a mechanism 
by which preferences for elaborate songs are generated by the brain (Searcy, 1992).  
Indeed, recent experiments have demonstrated that habituation of the physiological (Chew 
et al., 1995; Stripling et al., 2001; Stripling et al., 1997) and molecular (Mello et al., 1995) 
responses to a repeated acoustic stimulus occurs in the songbird brain and is stimulus-
specific. For example, in zebra finches, after peak induction of ZENK mRNA by song, 
repetition of the same song for 1 hr or more leads to a decrease in mRNA levels in the 
auditory forebrain that persists until a novel song is presented (Kruse et al., 2004; Mello et 
al., 1995). Habituation of the genomic response to song is correlated with a song-specific, 
persistent decline in electrophysiological activity that occurs more rapidly (between 10 – 15 
min) (Chew et al., 1995; Stripling et al., 1997), making it plausible that habituation of neural 
activity in response to song can happen on a time scale that is relevant for mate choice. 
However, to our knowledge, no one has tested Searcy’s prediction that complex song stimuli 
are more efficient than simpler stimuli in eliciting recovery of a habituated neural response. 
We recently demonstrated habituation of the egr-1 response to a repeated whine call in the 
auditory midbrain of male túngara frogs, and we showed that recovery of the genomic 
response can be elicited by subsequent playback of whine + 3 chucks but not by a novel 
whine stimulus (Glaeser, Mangiamele, and Burmeister, unpublished). If this were also true in 
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female túngara frogs, it would suggest that a release from habituation in the central auditory 
system of females could underlie mating preferences for whines with chucks. Research is 
currently underway in our laboratory to test this possibility.  
 In conclusion, using egr-1 gene expression as our measure of neural activity, we did 
not find evidence to support the prediction that a neural activity bias for complex calls 
underlies the preference for whines with chucks in túngara frog females. Rather, our data 
suggest that the magnitude of the egr-1 response in each brain region is not related to 
stimulus complexity, although more studies are needed to confirm this result.  Multivariate 
analyses suggested that multiple regions of the central auditory system and forebrain are 
working together as a functional unit. Therefore, one avenue of future research might be to 
explore techniques for measuring whole-brain activity in response to conspecific calls of 
varying complexity. Another direction for future research is to use within-subject 
measurements of brain activity to compare responses to whines and whines with chucks 
that might vary over time. For example, measuring neural activity in females who are in the 
process of choosing a whine-chuck over a whine call, or using a habituation paradigm to ask 
if the brain perceives a whine-chuck to be distinctive from a familiar whine, could provide 
additional insight into the proximate mechanisms of female mate choice. 
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Table 4.1. Call characters of whine and whine + 3 chucks stimuli used in experiment. Mean and standard deviation of call 
characters shown. For call duration, standard deviation is also expressed as a percentage of the total call duration. Call variables 
measured (metric in parentheses): Dom Freq, dominant frequency (Hz); Tot Energy, total call energy (dB); Call Dur, total call 
duration (ms).  Call abbreviations: C, chuck component only; W, whine call; W3C, whine + 3 chucks call. 
 
Call  
Exemplar 
ID 
 (Ryan et al. 2003) 
Dom Freq  
W 
Dom Freq  
C 
Tot Energy  
W  
Tot Energy 
W3C  
Call Dur  
W 
Call Dur 
 W3C  
1 Oc 786.0 2756.2 67.5 69.2 339.7 589.98 
2 M 807.5 2885.4 66.1 68.0 328.6 651.68 
3   Sd 764.4 2842.4 67.1 67.9 339.2 604.47 
 Mean 785.96 2828.0 66.9 68.4 335.8 615.38 
 St Dev 21.55 65.79 0.72 0.72 6.27 32.26 
 St Dev (% of Call Dur)     1.87 5.25 
“M” = Call with acoustic characters of population mean in Gamboa, Panama
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Table 4.2. Main effect of acoustic stimulus on egr-1 expression and orthogonal contrasts 
characterizing the effects of sound and call complexity. 
!
Brain Region ANOVA Contrast: NS vs Call Contrast: W vs W3C 
 F (p value) df t (p value) df t (p value) df 
SON 4.08 (0.03) 2, 21 2.02 (0.05) 1, 21 2.13 (0.04) 1, 21 
Ltor 3.87 (0.04) 2, 22 2.75 (0.01) 1, 22  0.33 (0.74) 1, 22 
Ptor 1.46 (0.25) 2, 20 1.63 (0.12) 1, 20 0.36 (0.72) 1, 20 
MCtor 5.15 (0.01) 2, 20 2.88 (0.009) 1, 20 1.14 (0.27) 1, 20 
Pthal 1.21 (0.32) 2, 20 1.54 (0.14) 1, 20 0.19 (0.85) 1, 20 
Cthal 5.82 (0.01) 2, 20 3.05 (0.006) 1, 20 1.61 (0.12) 1, 20 
Athal 3.88 (0.04) 2, 18 2.54 (0.02) 1, 18 1.05 (0.31) 1, 18 
VH 1.08 (0.36) 2, 18 0.20 (0.84) 1, 18 1.47 (0.16) 1, 18 
POA 3.19 (0.06) 2, 20 2.48 (0.02) 1, 20 0.25 (0.80) 1, 20 
Slv 2.92 (0.07) 2, 22 2.41 (0.02) 1, 22 0.05 (0.95) 1, 22 
dMP 2.46 (0.11) 2, 22 2.20 (0.04) 1, 22 0.40 (0.69) 1, 22 
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Table 4.3. Percent variance explained by principal components  
Principal 
Component 
Eigenvalue Percent variance 
explained 
Cumulative percent 
 variance explained 
1 5.52 50 50 
2 1.44 13 63 
3 1.07 10 73 
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Table 4.4. Principal component loading matrix for egr-1 measurements. Values closer to 
one indicate that the variable is weighted more heavily. Plus and minus symbols indicate 
positive and negative relationships between egr-1 and PC values.  
Brain Region Principal Component 
 PC1 PC2 PC3 
SON 0.40 0.52 0.17 
Ltor 0.82 0.30 -0.16 
Ptor 0.74 0.23 -0.41 
MCtor 0.72 0.31 -0.43 
Pthal 0.76 0.19 0.35 
Cthal 0.81 -0.26 -0.12 
Athal 0.55 0.21 0.65 
VH 0.41 -0.73 0.10 
POA 0.76 -0.38 -0.17 
dMP 0.85 -0.31 0.06 
Slv 0.79 -0.06 0.24 
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Table 4.5. Main effect of acoustic stimulus on principal components and orthogonal 
contrasts characterizing the effects of sound and call complexity. 
Principal 
Component 
ANOVA Contrast: NS vs Call Contrast: W vs W3C 
 F (p value) df t (p value) df t (p value) df 
PC1 7.60 (0.004) 2, 19 3.89 (0.001) 1, 19 0.67 (0.51) 1, 19 
PC2 0.50 (0.62) 2, 19 0.40 (0.70) 1, 19 0.89 (0.38) 1, 19  
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Table 4.6.  Discriminant function classification of females by acoustic stimulus using 
principal component values (PC1 and PC2). 
 Discriminant Classification  
Acoustic 
stimulus 
No 
sound 
Whine Whine + 3 
chucks 
Percent 
classified 
correctly 
No sound 6 0 0 100 
Whine 1 4 2 57 
Whine + 3 chucks 3 2 4 44 
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Figure Legends 
 
Figure 4.1. Waveforms and spectrograms of call stimuli used in this experiment.  
 
Figure 4.2. Photomicrographs of brain regions sampled taken with a 5! objective. Boxes 
indicate sampling window. Scale bar represents 200 "m. Level of transverse sections 
indicated in inset. For abbreviations, see List of Abbreviations. 
 
Figure 4.3. Schematic diagram of the anatomical connections in the ascending auditory 
system and its primary forebrain targets. 
 
Figure 4.4. egr-1 expression in response to playback of whine (gray bars) and whine + 3 
chucks (black bars) compared to no sound (white bars). Data are shown as mean (± SE) 
fold change in egr-1 expression relative to no sound group. Letters above bars indicate 
groups that are statistically different (post hoc t-test, p < 0.05). 
 
Figure 4.5.   (A) No sound, whine, and whine + 3 chuck groups are plotted on the first and 
second principal components. Data are displayed as mean (± SE) of PC1 and PC2.  (B) 
Scatter plot of the same data showing each individual’s bivariate PC score. Data points are 
color-coded by acoustic treatment: no sound (red), whine (green), and whine + 3 chucks 
(blue). Density ellipses represent where 50% of data is expected to lie based on a normal 
bivariate distribution. 
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CHAPTER V 
Characterization of the Plasticity-Related Gene, Arc, in the Frog Brain: Induction in 
Response to Calls that Vary in their Relevance and  
Attractiveness to Females* 
 
Summary 
In mammals, the immediate early gene Arc/Arg3.1 is induced by neural activity and 
accumulates at active synapses, suggesting an important role in synaptic plasticity. In 
addition, the expression of Arc mRNA in the brain can be induced by exposure to novel 
environments, reception of sensory stimuli, and production of learned behaviors. To date, 
Arc has only been characterized in a few species of mammals and birds, which limits our 
ability to understand its role in modifying behavior. To begin to address this gap, we 
identified Arc in two frog species, Xenopus tropicalis and Physalaemus pustulosus, and 
characterized its expression in the brain of P. pustulosus. We found that the predicted 
protein for frog Arc shared 60% sequence similarity with Arc in other vertebrates, and we 
observed high Arc expression the forebrain, but not the midbrain or hindbrain, of females 
sacrificed at breeding ponds. We also examined the time course of Arc induction in the 
medial pallium, the homologue of the mammalian hippocampus, in response to a mating 
chorus and found that accumulation of Arc mRNA peaked 0.75 h following stimulus onset. In 
addition, the mating chorus induced Arc expression in the medial, lateral, and ventral pallia, 
and the medial septum, but not in the striatum, hypothalamus, or auditory midbrain. Finally, 
we examined acoustically induced Arc expression in response to different types of mating 
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calls and found that Arc expression in the pallium and septum did not vary with the biological 
relevance or acoustic complexity of the signal. 
 
Introduction 
  Activity dependent genes link neural activity to the long-term cellular changes that 
underlie synaptic plasticity, learning, and memory. The activity-regulated cytoskeleton-
associated (Arc) gene (also known as Arg3.1) has been implicated in directly coupling 
neural activity to the physical modification of synapses (Bramham et al., 2008). Unlike other 
activity dependent genes, Arc mRNA localizes to dendrites, accumulating specifically at 
recently activated synapses (Link et al., 1995; Lyford et al., 1995; Steward et al., 1998). The 
accumulation of Arc protein in dendritic spines strongly suggests that it is translated locally 
(Moga et al., 2004; Rodriguez et al., 2005), and Arc has been found to interact with synaptic 
proteins, such as dynamin and endophilin (Chowdhury et al., 2006). Local translation of Arc 
protein is required for some types of neural plasticity (Park et al., 2008; Waung et al., 2008), 
and blocking Arc protein synthesis inhibits long-term memory consolidation (Guzowski et al., 
2000; Messaoudi et al., 2007; Plath et al., 2006). These characteristics suggest that Arc 
plays an especially important role in coordinating information storage. 
It has been hypothesized that the expression of activity dependent genes in 
behaviorally relevant situations might be important in ensuring that information associated 
with biologically significant events, such as recognizing an appropriate mate or learning a 
new spatial task, is selectively processed and stored (Clayton, 2000). Expression of Arc 
mRNA can be highly specific. For example, conspecific song increases expression of Arc in 
the auditory forebrain of adult songbirds compared to birds listening to tones or white noise 
(Velho et al., 2005). Similarly, levels of Arc mRNA are elevated in the hippocampus of rats 
learning a new spatial task relative to those performing a familiar task (Guzowski et al., 
2001). Furthermore, Arc is induced in distinct neuronal ensembles when rats are exposed to 
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different environments, suggesting that Arc gene expression can encode hippocampal place 
fields (Guzowski et al., 1999). These results implicate a role for Arc in mediating the synaptic 
changes evoked by biologically salient stimuli and in situations when behavioral plasticity is 
necessary. 
  To date, most of what is known about Arc’s function is based on studies of 
mammalian hippocampus, and no studies have examined the expression of Arc in 
vertebrates other than mammals and birds, which limits our ability to understand the 
functional role of Arc-mediated neuroplasticity in modifying behavior. Has Arc expression 
evolved as a mechanism of synaptic plasticity only in vertebrates that exhibit complex, 
learned behaviors, or is it expressed in all vertebrates in a variety of biologically important 
contexts? To begin to address these questions, we identified frog Arc and characterized its 
expression in the brains of female túngara frogs (Physalaemus pustulosus). During the 
breeding season, female túngara frogs visit ponds where males are calling in order to select 
a mate. Neural and behavioral plasticity might have adaptive value in this species because 
choosing a mate involves simultaneous evaluation of multiple males’ calls and it could 
require females to engage spatial memory, as females have been observed sequentially 
assessing several potential mates before choosing one (Ryan, 1985). We have some 
understanding of the temporal and spatial characteristics of acoustic stimulus-induced egr-1 
and fos gene expression in P. pustulosus (Burmeister et al., 2008; Hoke et al., 2004; Hoke 
et al., 2005; 2007; Mangiamele and Burmeister, 2008), but Arc has not yet been 
characterized in this, or any, frog species.  
We first cloned frog Arc from Xenopus tropicalis because the genome sequence is 
publicly available, and then used the same primers to clone Arc in P. pustulosus. We 
conducted Northern blot analysis to determine the size of the full-length P. pustulosus 
transcript and to partially characterize its tissue-specificity. We next examined spatial 
variation in Arc mRNA expression in the brains of wild-caught females to identify brain 
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regions that are capable of expressing Arc and to determine if there were any broad 
neuroanatomical patterns of Arc expression in animals in their natural environment. Next, 
we examined the time course and spatial distribution of Arc expression in response to a 
mating chorus to test whether Arc was induced in specific brain nuclei where synapses are 
likely to be modified by species-typical signals. Finally, we tested whether Arc induction 
varied in response to calls that differed in their behavioral relevance to females (conspecific 
vs. heterospecific) or in their acoustic complexity and their attractiveness to females in order 
to ask whether calls with different biological meanings could induce differential Arc 
expression.  
 
Methods 
Identification of frog Arc  
To identify frog Arc, we queried the translated Xenopus tropicalis genome (Joint 
Genome Institute X. tropicalis Genome Assembly, version 4.1, http://genome.jgi-
psf.org/Xentr4/Xentr4.home.html) with rat Arc protein (GenBank Accession No. 
AAA68695.1). Our search yielded only one genomic sequence, which coded for a 
hypothetical protein of 368 residues and which was described as the putative ortholog of 
Arc/Arg3.1 (JGI scaffold_99:447233-448207; see also Ensembl Gene ID 
ENSXETG00000019153). In order to verify the mRNA sequence of X. tropicalis Arc, we 
extracted mRNA from brain using TRIzol® (Invitrogen, Carlsbad, CA), synthesized cDNA  by 
reverse transcription using a poly-dT primer (Oligo-dT15, Promega, Madison, WI), and 
amplified Arc cDNA fragments with two pairs of gene-specific primers (see Table 5.1) 
designed against the predicted Arc mRNA identified in the JGI genome. We successfully 
amplified two fragments (557 bp and 595 bp) using the following thermocycling protocol: 2 
min at 94°C followed by 35 cycles of 20 sec at 94°C, 10 sec at the annealing temperature 
(see Table 5.1), 30 sec at 65°C, and concluding with a final elongation of 65°C for 1 min. We 
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then transformed the fragments into bacterial cells (TOPO TA Cloning Kit, Invitrogen, 
Carlsbad, CA) and sequenced them in order to create a contiguous sequence of the cloned 
fragments. The resulting 595 bp sequence (GenBank Accession No. FJ577656) was 98% 
identical at the nucleotide level and 97% identical at the predicted protein level to putative X. 
tropicalis Arc identified in the JGI genome. 
 In order to characterize the spatial and temporal expression patterns of Arc in the 
brain of túngara frogs, we needed to first identify the túngara-specific Arc sequence. Thus, 
we used two primer pairs (see Table 5.1) designed against the X. tropicalis sequence to 
amplify Arc from Physalaemus pustulosus brain cDNA as described above. We successfully 
amplified 423 bp and 593 bp fragments that resulted in a 593 bp consensus sequence of P. 
pustulosus Arc (GenBank Accession No. EU437548). The P. pustulosus Arc sequence was 
98% identical at the nucleotide level and 97% identical at the predicted protein level to 
putative X. tropicalis Arc in the JGI database. To determine sequence similarity across 
species, we compared the hypothetical Arc protein sequences among the two frogs, rat, 
human, chicken, and zebra finch. We aligned the sequences using Multiple Sequence 
Comparison by Log-Expectation (MUSCLE) (http://www.ebi.ac.uk/Tools/muscle/index.html) 
and visualized the alignment using Jalview (http://www.jalview.org/download.html).  
 
Northern blot analysis 
 To estimate the size of the Arc transcript in frogs and to demonstrate the specificity 
of our P. pustulosus Arc riboprobe, we conducted Northern blot analysis on total RNA from 
túngara frog brain and liver. Arc mRNA is not expressed in mammalian liver (Lyford et al., 
1995), so we did not expect our probe to bind to these samples. First, we extracted total 
RNA from the homogenized brains and livers of seven adult túngara frogs using TRIzol® 
Reagent (Invitrogen, Carlsbad, CA) and chloroform. We pelleted the RNA in isopropanol 
and dissolved it in buffer containing 1 mM sodium citrate. We estimated the concentration 
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and purity of RNA in our samples using spectrophotometry. To separate RNA fragments by 
size, we loaded 10 mg each of total RNA from brain and liver into separate lanes on a 1.5% 
MOPS/formaldehyde agarose gel. We then transferred the RNA to a nylon membrane 
following Ambion’s NorthernMax® Kit protocol for capillary blotting. We synthesized 
radioactively labeled (32P, GE Healthcare, Piscataway, NJ) Arc antisense probe by in vitro 
transcription of plasmids containing the 593 bp fragment of P. pustulosus Arc cDNA 
corresponding to nucleotides 1 to 593 of the consensus sequence. We then hybridized the 
blot overnight at 65˚ C in 1 mL hybridization solution (Ultrahyb, Ambion, Austin, TX) 
containing 1 ! 106 cpm of 32P-labeled Arc antisense probe per mL. We removed the 
unbound probe by washing twice in low stringency wash solution (2! SSC, 0.1% SDS) at 
room temperature, followed by two high stringency washes (0.1! SSC, 0.1% SDS) at 68° C.  
Finally, we exposed the blot to autoradiography film using an intensifying screen (Kodak 
BioMax™, Eastman Kodak, Rochester, NY) for 7 days at -80° C. 
  
Neuroanatomical distribution of Arc expression in the frog brain 
 To identify brain regions capable of expressing Arc, we qualitatively assessed Arc 
mRNA expression in wild-caught females. Because females captured at mating ponds are at 
the peak of their reproductive cycle and are exposed to a variety of highly relevant natural 
stimuli (acoustic, olfactory, visual), we anticipated that this would enable us to observe 
induction of Arc in a wider variety of brain regions than we would under controlled laboratory 
conditions. We caught females (n = 6) at mating ponds near Gamboa, Panama between 
19:50 and 21:00 hours, which includes the peak period of sexual activity, and while they 
were in a mating clasp with a male (n = 6). We removed the male and immediately sacrificed 
the females, embedded females’ heads in TissueTek OCT (Sakura Finetek, Torrance, CA), 
and rapidly froze them in liquid nitrogen.  
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We transported the tissue to our UNC-CH laboratory and stored it at -80° C until 
sectioning. We sectioned brains on a cryostat at 12-!m thickness in 4 series and mounted 
them on slides (Superfrost Plus, Fisher Scientific, Pittsburgh, PA).  We prepared 
radioactively labeled (35S, GE Healthcare, Piscataway, NJ) Arc mRNA sense and antisense 
probes by in vitro transcription, performed in situ hybridization, and visualized the bound 
riboprobe according to the procedures described in Burmeister et al. (2008), except that we 
exposed slides to emulsion for 24 days before development and counterstaining with 
thionin. To assess levels of Arc expression, we simply examined the tissue under darkfield 
illumination using a compound microscope and made qualitative judgments as to whether 
expression was undetectable, low, medium, high, or very high. To confirm that our antisense 
riboprobe had mRNA sequence specificity, we noted the absence of binding in control slides 
hybridized with sense strand riboprobe under identical hybridization conditions (Fig. 5.1A). 
We have previously reported data on egr-1 and fos expression collected from these animals 
(Burmeister et al., 2008). 
 
Temporal profile of Arc induction by sound 
 Before examining acoustic induction of Arc expression, we wanted to first determine 
the temporal profile of Arc expression in response to sound. We chose to do so in the frog 
homolog of the hippocampus, the medial pallium, because Arc has been well characterized 
in the mammalian hippocampus. We focused on the dorsal portion of the medial pallium 
(dMP) in particular because this subdivision responds robustly to sound with egr-1 gene 
expression (Mangiamele and Burmeister, 2008). To determine the time course of Arc 
induction in response to sound, we again captured female túngara frogs in a mating clasp at 
breeding ponds in Gamboa, Panama. We transported females back to the laboratory at 
STRI and isolated them in dark acoustic chambers for 6 h. The floors of the chambers were 
lined with moistened paper towels and females were enclosed in perforated circular plastic 
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arenas (24 cm diameter). They could move freely, but they could not contact the speaker. 
After the acclimation period, we either sacrificed females immediately (0 h) or exposed them 
to 30 minutes of mating chorus and sacrificed them at the following time points relative to 
stimulus onset: 0.25 h, 0.5 h, 0.75 h, 1 h, 2 h (n = 4), and 4 h (n = 5 each, except where 
noted). The mating chorus was recorded near Gamboa, Panama and consisted of a 15-
minute recording looped once. Note that the group sacrificed at 0.25 h heard one full 
playback of the chorus recording, while all other groups heard it twice. Peak amplitude of the 
playback was set at 82 dB (re 20 !Pa) at 0.5 meter from the speaker. Animals were 
videotaped with infrared cameras to record their movement for the last 30 minutes before 
sacrifice. We quantified their movement by counting the number of times the animal hopped 
to a new position during the observed time period. We processed the brain tissue as 
described above, except that we sectioned brains at 16-!m thickness in 3 series to improve 
tissue quality.  We have previously reported data on egr-1 and fos expression collected from 
these animals (Burmeister et al., 2008).  
To quantify Arc expression in the medial pallium, we determined the mean number of 
grains per cell above background following procedures described in Mangiamele and 
Burmeister (2008). We calculated means from data collected from an average of 7 
alternating sections (i.e., every other section) typically spaced 96 !m apart. Briefly, we took 
images of the region of interest from one hemisphere chosen at random using a color digital 
camera and a 63! objective. We took three pictures of each section: a color image of 
thionin-stained tissue in the area of interest, a blue-filtered image of silver grains in the same 
field of view, and a blue-filtered image of a nearby area of the slide with no tissue to 
represent local background silver grain density. We subtracted the number of background 
silver grains from the number of silver grains in the area of interest; thus, relative mRNA 
levels are represented as grains above background per cell. We displayed the data 
graphically as fold-change relative to 0 h. 
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Spatial variation in Arc induction by sound 
In order to characterize the spatial pattern of acoustically induced Arc expression 
across the frog brain, we measured Arc expression in brain regions that play a role in sexual 
communication and/or that showed clear Arc expression in females caught at mating ponds. 
We were interested in whether brain regions other than the medial pallium show acoustically 
induced Arc expression, and whether they vary in their ability to express Arc in response to 
sound. We sampled from relevant brain areas in the pallium, basal forebrain, striatum, and 
auditory midbrain (for illustration of anatomical relationships between brain regions, see Fig. 
5.2).  In the pallium, in addition to the dorsal portion of the medial pallium, we sampled from 
the lateral pallium and ventral pallium, which have previously been shown to produce an 
immediate early gene response to mating chorus (Mangiamele and Burmeister, 2008). In 
the basal forebrain, we sampled Arc expression in the medial septum, preoptic area, and 
dorsal hypothalamus, all regions likely important in sexual motivation. We also sampled from 
the striatum, incorporating both the dorsal and ventral parts, because it receives ascending 
auditory information (Marin et al., 1997a; b; Wilczynski and Northcutt, 1983a; b) and is 
thought to regulate motor responses. Finally, we sampled Arc expression the laminar 
nucleus of the torus semicircularis. The torus semicircularis is homologous to the 
mammalian inferior colliculus, and the laminar nucleus in particular produces robust 
immediate early gene responses to sound (Burmeister et al., 2008; Hoke et al., 2004)  and 
is thought to play an important role in integrating auditory, motor, and motivational aspects 
of communication (Endepols and Walkowiak, 2001). In each of these brain regions, we 
measured Arc expression in animals that heard no sound and those that were sacrificed 
0.75 h following the onset of chorus. We chose the 0.75 h time point because it 
corresponded to the peak level of Arc mRNA accumulation in the dMP.  
For all brain regions, we followed the same procedure for quantifying grains per cell 
above background as described for the medial pallium, except we sampled from variable 
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numbers of sections depending on the brain region, as follows: lateral pallium, 7 alternating 
sections; ventral pallium and medial septum, 5 alternating sections; preoptic area, 6 
consecutive sections; striatum, 5 consecutive sections; dorsal hypothalamus, 4 consecutive 
sections; laminar nucleus of the torus semicircularis, 3 consecutive sections. We displayed 
the data graphically as fold-change relative to the no sound group for each brain region. 
 
Stimulus specificity of the Arc response 
 To determine whether acoustically induced Arc expression in the túngara frog 
telencephalon is specific to P. pustulosus vocalizations or whether it can also be induced by 
other species’ sounds, we conducted a third playback experiment using females from our 
lab colony. Given that túngara frogs show well-known preferences for some types of 
conspecific calls over others (Ryan, 1985), we also were interested in comparing Arc 
induction in response to conspecific calls that varied in their acoustic complexity and their 
level of attractiveness to females. The animals used in this experiment were bred in our 
laboratory from wild túngara frogs collected in Costa Rica. In order to synchronize the 
reproductive status of the subjects, we injected twenty-four adult females and males with 
500 IU of human chorionic gonadotropin (Sigma, St. Louis, MO) and allowed them to make 
nests. Ten days after the females had oviposited, a time when endogenous sex steroids are 
low, we injected them with 0.07 !g of estradiol per g body weight (Sigma, St. Louis, MO), a 
dose that is sufficient to induce normal sexual behavior in female túngara frogs (Chakraborty 
and Burmeister, 2009). We then placed females in acoustic isolation chambers for a 24 hour 
acclimation period. After the acclimation period, females were exposed to either P. 
pustulosus whine advertisement call (n = 8), P. pustulosus whine-chuck advertisement call 
(whine + 3 chucks) (n = 8), or the advertisement call of a closely related species, 
Physalaemus enesefae, (n = 8) for 30 minutes followed by 15 minutes of silence before 
sacrifice. In two-choice tests, female P. pustulosus are more likely to approach a speaker 
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broadcasting the whine-chuck call than one broadcasting the more simple whine call (Ryan, 
1985), indicating that females find whines with chucks more attractive. We chose to use 
heterospecific P. enesefae calls because their component frequencies fall within the hearing 
range of túngara frogs, yet, females do not respond behaviorally to these calls (Chakraborty 
and Burmeister, 2009; Ryan et al., 2003).  We used natural P. pustulosus whines recorded 
near Puerto Jimenez, Costa Rica and P. enesefae calls recorded in Venezuela. Acoustic 
stimuli consisted of a single call repeated at a rate of one call every 2 seconds, and they 
were played from a speaker at 82 dB (re 20 mPa).  We quantified relative Arc expression 
levels as described above, with the exception that we used a 100! objective attached to a 
Leica DM 4000B microscope and Leica DFC 480 camera to capture images. We sampled 
Arc expression only in the areas that showed significant induction by mating chorus (medial, 
lateral, and ventral pallium and medial septum). 
 
Statistical analysis 
To test whether survival time influenced the level of Arc mRNA expression in the 
medial pallium, we performed a one-way analysis of variance (ANOVA) with survival time (0, 
0.25, 0.5, 0.75, 1, 2, 4 h) as a between-subjects factor. We used Fisher’s least significant 
difference post hoc analyses to compare the level of Arc expression at each time point to 
the 0 h group. We found that accumulation of Arc peaked 0.75 h post stimulus onset. To test 
whether other brain regions show acoustically induced Arc expression 0.75 h after stimulus 
onset, we used a two-way ANOVA with survival time (0, 0.75 h) as a between-subjects 
factor and brain region (medial pallium, lateral pallium, ventral pallium, medial septum, 
striatum, preoptic area, dorsal hypothalamus, laminar nucleus of the torus) as a within-
subjects factor. Brain region was nested within individual because measurements from 
different brain regions of the same animal are not statistically independent. We were 
interested in whether there was an interaction between brain region and survival time, which 
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would indicate that different brain regions show different levels of acoustically induced Arc 
expression. In addition, we were also interested in whether, within each brain region, Arc 
was induced by sound, so we followed up the two-way ANOVA with post hoc t-tests for each 
brain region. Because variation in motor behavior might also affect Arc expression in the 
brain, we tested for a difference in the mean rate of movement (expressed as number of 
hops per minute) between the 0 h and 0.75 h group using a t-test. We also used Pearson’s 
correlations to test for a relationship between Arc expression in each brain region and the 
rate of movement in 0.75 h group only. In our final experiment, we conducted one-way 
ANOVAs for each brain region (medial pallium, ventral pallium, lateral pallium, and medial 
septum) with acoustic treatment (conspecific whine, conspecific whine-chuck, or 
heterospecific call) as the between-subjects factor. We used SAS v 9.1.3 (SAS, Cary, NC) 
and SPSS 15.0 (SPSS, Chicago, IL) for statistical analyses. 
 
Results 
Identification of frog Arc  
 We identified 595- and 593-bp fragments of X. tropicalis and P. pustulosus Arc 
mRNA, respectively. According to our Northern blot, the full length P. pustulosus Arc 
transcript was about 3.5 kb, and was expressed in brain but not liver (Fig. 5.1B). Both our X. 
tropicalis and P. pustulosus sequences code for a predicted protein of 197 amino acids. Not 
surprisingly, the Arc protein sequences for X. tropicalis and P. pustulosus were highly similar 
to one another (Table 5.2; Fig. 5.3). Both frog Arc protein sequences shared over 40% 
identity and 60% similarity with other tetrapods (Table 5.2; Fig. 5.3). For comparison, a 
similarly sized fragment of zebra finch Arc has 72% identity and 82% positive similarity to rat 
Arc. Arc appears to be highly conserved in some regions, but is also characterized by 
regions of low conservation (Fig. 5.3). Two highly conserved regions are protein domains 
that may play a role in mediating interactions between Arc and other molecules; they include 
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a known endophilin 3 binding domain (Bramham et al., 2009) and a region with sequence 
homology to !-spectrin where protein-protein interactions are likely to occur (Lyford et al., 
1995) (Fig. 5.3). Our P. pustulosus Arc predicted protein is 75% identical to the endophilin 3 
binding site on rat Arc and 50% identical with its spectrin-like region, indicating that Arc’s 
function is likely conserved at these sites. Frog Arc shares only 24% identity with an 
identified dynamin 2 binding site on rat Arc (Bramham et al., 2009) (Fig. 5.3); however, 
because Arc protein sequences are more divergent in that region, it is less clear whether the 
dynamin 2 binding site of rat Arc is likely to be shared by Arc of other species.   
 
Neuroanatomical distribution of Arc expression in the frog brain 
 In wild-caught female frogs, we observed the highest levels of Arc expression in the 
olfactory bulb, pallium, septum, and preoptic area with lower levels of Arc expression in the 
striatum, amygdala, hypothalamus, and torus semicircularis (Table 5.3; Fig. 5.4). There was 
some variation in the level of Arc expression among the five subdivisions of the pallium that 
we measured (Table 5.3; Fig. 5.4). We also saw higher expression in the lateral amygdala 
than the medial amygdala (Table 5.3). However, we could not distinguish variation in Arc 
expression levels among the subdivisions of the septum, striatum, or hypothalamus. In most 
brain regions where Arc was present, only a small percentage of cells expressed Arc and 
these cells were evenly distributed within each brain region (Fig. 5.5). One exception was 
the olfactory bulb, where almost all cells showed Arc expression. We saw no Arc expression 
in the thalamus, optic tectum, tegmentum, or hindbrain (Table 5.3).  
 
Temporal profile of Arc induction by sound 
 To determine the temporal profile of acoustically induced Arc expression in a 
subdivision of the frog homolog of the hippocampus (dMP), we compared Arc mRNA levels 
in unstimulated females to those that were exposed to 30 minutes of mating chorus and 
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sacrificed at various time points after stimulus onset. We found that the mating chorus 
induced a rapid and robust increase in Arc mRNA expression (ANOVA: F(7, 38) = 6.14, P < 
0.001) that peaked 0.75 h after stimulus onset and that declined with further survival (Fig. 
5.6A). Arc expression changed dramatically over the course of the experiment. After only 30 
minutes of exposure to the mating chorus, Arc expression had already doubled. At peak, the 
level of Arc expression in stimulated animals was nearly 5-fold higher than in unstimulated 
animals. Following peak levels at 0.75 h, Arc expression plummeted by more than half in 
only 15 minutes. Thus, as in other vertebrates, frog Arc is regulated by sensory stimuli in a 
dynamic fashion.  
 
Spatial variation in Arc induction by sound 
In order to determine if Arc can be induced by mating chorus in other regions of the 
brain, we evaluated Arc expression in the pallium (medial, lateral, ventral), basal forebrain 
(medial septum, preoptic area, dorsal hypothalamus), striatum, and auditory midbrain. We 
found that the mating chorus induced Arc expression in the female túngara frog brain 
(treatment F(1, 8) = 19.90, P = 0.002) and its effect on Arc expression varied among brain 
regions (treatment ! region F(7, 55) = 4.71, P < 0.001). The mating chorus induced Arc 
expression in all regions of the pallium (medial, t(8) = -3.52, P = 0.007; lateral, t(8)= -2.25, P 
= 0.05; ventral, t(8) = -2.57, P = 0.03; Fig. 5.6B) but in only some nuclei of the basal 
forebrain. The medial septum showed Arc expression in response to chorus (t(8) = -2.48, P 
= 0.04), but the dorsal hypothalamus (t(8) = -1.14, P = 0.29) and preoptic area (t (7) = -1.98, 
P = 0.09) did not (Fig. 5.6B). In addition, Arc expression was not induced in the striatum 
(t(8)= -0.02, P = 0.98) or the laminar nucleus of the torus (t(8) = -0.87, P = 0.41) by hearing 
mating chorus (Fig. 5.6B). Among acoustically stimulated females, we saw the highest 
expression in the pallium (Fig. 5.5 A – F) and medial septum (Fig. 5.5 I – J), and lower levels 
in the striatum (Fig. 5.5 G – H) and preoptic area (Fig. 5.5 K – L).  We observed very low 
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levels of Arc in the dorsal hypothalamus (Fig. 5.5 M – N) and laminar nucleus (Fig. 5.5 O – 
P) that appeared to be associated with only a few cells.  
With one exception, animals in the 0 h group (n = 4) remained essentially stationary 
(mean±SD = 0.76±1.11 hops/min). Animals in the 0.75 h group (n = 5) moved periodically 
during the test period (mean±SD = 2.51±2.63 hops/min), although not significantly more 
than the 0 h group (t (7) = 1.34, P = 0.23). Because locomotor activity can induce immediate 
early gene expression, we tested for a relationship between movement and Arc expression 
in each brain region in the 0.75 h group. We found no covariation (all P > 0.14; data not 
shown), suggesting that the Arc expression we observed is not related to motor output. 
 
Specificity of acoustically induced Arc mRNA 
 We exposed laboratory-reared túngara frogs to mating calls that varied in their 
attractiveness, acoustic complexity, and their ability to elicit recognition from females in 
order to ask whether calls with different biological meanings could induce differential Arc 
expression. We exposed females to conspecific calls (whine or whine + 3 chucks) or 
heterospecific calls and measured Arc mRNA expression in brain regions that showed 
significant Arc induction in response to chorus playback. We found that Arc mRNA 
expression was similar among the three groups in all brain regions examined (medial 
pallium, F(2, 18) = 0.65, P = 0.53; lateral pallium, F(2, 18) = 0.57, P = 0.58; ventral pallium, F(2, 19) 
= 0.37, P = 0.69; medial septum F(2, 18) = 0.57, P = 0.57; Fig. 5.7). 
 
Discussion 
 We identified Arc in two frog species and characterized its expression in the brain. 
We found that the predicted protein for frog Arc shared 60% sequence similarity with Arc in 
other vertebrates, and Arc was expressed at high levels in the forebrain, but not the 
midbrain or hindbrain, of females sacrificed at breeding ponds. Accumulation of Arc mRNA 
!! 113 
peaked 0.75 h following onset of a mating chorus, and the mating chorus induced Arc 
expression in the pallium and septum, but not in the striatum, hypothalamus, or auditory 
midbrain. Finally, Arc expression in the pallium and septum did not vary with species 
identity, nor with the attractiveness or complexity of the acoustic signal. This study is the first 
to characterize the neuroplasticity-related gene, Arc, in a frog species. Our results 
demonstrate that expression of Arc in biologically significant contexts is not limited to 
mammals and birds, but may be a feature of the immediate early gene response in all 
vertebrates.  
We cloned fragments of Arc cDNA in two frogs, and used Northern blot to determine 
that the full-length Arc transcript was about 3.5 kb, which is similar in size to Arc in mammals 
(rodents, 3.2 kb; humans, 3.4 kb), but substantially smaller than zebra finch Arc (5.1 kb). 
The larger size of the bird transcript likely reflects sequence divergence in the 5’ and 3’ UTR 
regions (Velho et al. 2005). We also found that Arc was expressed in brain but not liver, 
which is consistent with findings in rats (Lyford et al., 1995). Furthermore, we found that the 
predicted protein sequence of frog Arc shares over 40% identity with chicken and rat Arc. 
Because >30% identity at the amino acid level generally suggests that two proteins are 
structurally similar and evolutionarily related (Rost, 1999; Yang and Honig, 2000), we 
conclude that frog Arc is likely to share many of the functions described for other 
vertebrates. In addition, Arc protein appears to be highly conserved at two functional 
domains that are likely to be important for mediating intermolecular interactions at the 
synapse. Specifically, túngara frog predicted Arc protein shares 75% sequence identity with 
the endophilin 3 binding domain on rat Arc. Endophilin 3 plays an important role in receptor-
mediated endocytosis in olfactory nerve terminals (Sugiura et al., 2004), and it is localized in 
dendritic spines (Chowdhury et al., 2006), where Arc can also be found (Moga et al., 2004). 
The high degree of similarity between rat and túngara frog Arc predicted protein at this 
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binding domain suggests that Arc probably plays a similar role in mediating synaptic 
plasticity in all vertebrates studied to date. 
We found that Arc expression peaked 0.75 h after onset of the acoustic stimulus in 
the medial pallium of túngara frogs compared to 0.5 h after stimulus onset in zebra finch 
mesopallium (Velho et al., 2005) and rat hippocampus (Guzowski et al., 2001). Because 
previous studies did not measure Arc expression at 0.75 h, we cannot know whether relative 
mRNA levels could have increased further with time. At peak, we observed chorus-induced 
Arc levels in the medial pallium that were more than 4.5 times that of unstimulated controls. 
In contrast, Velho et al. (2005) observed an approximately 2.5-fold peak induction of Arc in 
zebra finches exposed to conspecific song, while Guzowski et al. (2001) found a 1.5-fold 
induction of Arc in rats after spatial water-task training. The differences among species in 
the magnitude of peak Arc mRNA induction could be due to differences in experimental 
design or the characteristics of the stimuli used. Alternatively, our protocol might simply 
provide greater resolution of a time course of stimulus-induced Arc that is common to all 
vertebrate species and that peaks at 0.75 h. For instance, we found 2-fold induction of Arc 
0.5 h post-stimulus onset, compared to 2.5-fold induction of Arc in zebra finches at the same 
time point (Velho et al., 2005). Our results highlight the need for a finer temporal scale when 
studying the time course of an immediate early gene in a new species, particularly when 
species comparisons are important.  
We found that Arc was expressed at high levels in the forebrain, but not midbrain or 
hindbrain, of wild-caught female frogs. Arc expression was highest in the pallium and basal 
forebrain but was undetectable in the thalamus, optic tectum, midbrain tegmentum, or 
hindbrain. In addition, exposure to a mating chorus induced Arc expression in the pallium 
(medial, lateral, and ventral) and septum, but not in the striatum or auditory midbrain of 
females tested in the laboratory. In rat and chicken, Arc is expressed in the hippocampus 
(Guzowski et al., 1999; Kelly and Deadwyler, 2003; Lyford et al., 1995; Vazdarjanova et al., 
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2006), other limbic regions (e.g. nucleus accumbens and amygdala; Kelly and Deadwyler, 
2003; Ons et al., 2004), and primary sensory cortices (Bock et al., 2005; Kelly and 
Deadwyler, 2003; Ons et al., 2004; Vazdarjanova et al., 2006). Of particular relevance to our 
study, in zebra finches song-induced Arc is found predominantly in pallial regions involved in 
auditory learning and song discrimination (nidopallium and mesopallium), but Arc is not 
induced in the thalamus (nucleus ovoidalis) (Velho et al., 2005). In contrast to our study, 
several authors have reported Arc induction in the striatum of chickens (Bock et al., 2005) 
and rats (Kelly and Deadwyler, 2003; Ons et al., 2004) in response to environmental stimuli. 
In all of these studies, it appears that stimulus-induced Arc expression is restricted to the 
telencephalon, with no induction reported in diencephalic or mesencephalic regions. 
However, because few studies measure Arc induction in extra-telencephalic brain regions 
(Haugan et al., 2008), it is not clear whether this expression pattern is characteristic of the 
Arc response in vertebrates or whether it simply reflects the aims and sampling strategies of 
the experiments in which Arc is utilized as a marker for neural activity.  
In túngara frogs, Arc is expressed in fewer brain regions in response to acoustic 
stimulation than is egr-1. Egr-1 is induced by conspecific calls in the auditory midbrain, 
thalamus, hypothalamus, pallium, and subpallium, including the striatum (Burmeister et al., 
2008; Hoke et al., 2004; Hoke et al., 2005; 2007; Mangiamele and Burmeister, 2008), 
whereas Arc was induced only in the pallium and septum. Similarly, in mammals, Arc is 
expressed in a more restricted set of brain regions compared to other immediate early 
genes, such as c-fos (Ons et al., 2004). One possible explanation for such a restricted 
pattern of expression is that biologically-relevant stimuli might selectively elicit Arc induction 
in populations of cells that are actively maintaining or forming new synaptic connections 
(Vazdarjanova et al., 2006). For example, in rats, exploration of a novel environment elicits 
Arc induction in a subpopulation of a-CAMKII positive neurons (Vazdarjanova et al., 2006). 
Thus, Arc transcription appears to be more selective than the transcription factor immediate 
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early genes, perhaps occurring only in neural populations where synaptic modification can 
lead to long-term changes in behavior. Although it is not clear whether the frog hippocampus 
and septum play a similar role in mediating complex associations and long-term memories 
as they do in mammals, continued investigation of Arc in the brains of frogs and other less-
studied vertebrates will likely provide new insight into the molecular and cellular basis of 
diverse forms of synaptic and behavioral plasticity. 
In our study, acoustically induced Arc lacked some of the stimulus specificity that has 
been observed in songbirds. In zebra finches, females stimulated with zebra finch song had 
a greater induction of Arc in the caudomedial nidopallium than females stimulated with 
canary song (Velho et al. 2005). In contrast, the magnitude of the Arc response in túngara 
frogs did not vary in response to mating calls that differed in their behavioral relevance. 
Heterospecific and conspecific mating calls induced similar levels of Arc expression in all 
areas of the telencephalon included in this study, even though conspecific mating calls elicit 
greater egr-1 expression than heterospecific mating calls in the medial and lateral pallia 
(Chakraborty and Burmeister, unpublished). In addition, we also failed to find increased Arc 
expression in response to the preferred whine-chuck mating call compared to the less 
preferred whine, indicating that the magnitude of Arc expression is not sufficient to explain 
behavioral mating preferences in female túngara frogs. Similarly, in canaries, Arc mRNA 
expression did not vary between females presented with a more attractive “sexy” song 
compared to a less attractive song (Leitner et al., 2005). Leitner et al. (2005) speculated that 
a lack of elevated Arc expression in female canaries in response to “sexy” song may be due 
to the fact that preferences for certain acoustic elements of songs are innate, thus 
experience-dependent long-term synaptic memory may not be necessary for the 
maintenance of song preferences. Likewise, in female túngara frogs, the preference for the 
whine-chuck call does not require acoustic experience (Dawson, 2007) and is probably 
innate. Although Arc expression did not vary in response mating calls that differ in their 
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behavioral relevance, Arc induction may still be an important way in which the brain 
responds to relevant stimuli in the animal’s natural environment. For example, Arc may be 
involved in mediating dynamic changes in neural connections when an animal is actively 
making a choice between two different male signals. Alternatively, it is possible that Arc 
expression in the frog brain does indeed vary with acoustic stimulus, but that we could not 
detect it with radioactive in situ hybridization, which does not provide cellular resolution. For 
example, it is possible that different mating calls elicit Arc expression within distinct networks 
of cells, but that the overall level of Arc expression remains unchanged. 
In summary, we identified frog Arc, showed that it is expressed in the brain, and that 
it behaves as an immediate early gene in that it can be rapidly induced by acoustic 
stimulation. We also found that the Arc response is not selective for different categories of 
acoustic stimuli, as it is in some songbirds. Further investigation is needed to elucidate the 
significance of acoustically induced Arc expression in frogs and how it relates to the patterns 
of Arc expression in other vertebrate species.
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Table 5.1. Primers (5’ to 3’) and PCR conditions used to generate Arc sequences. 
 Forward Reverse Annealing  
Temp (ºC) 
Species 
Pair 1 AGC GTT CCA TAA AGG CTT GTT TTT GAT GGC CTC TCT AAC C 52.5 X. tropicalis 
Pair 2 GAA TTT AGA AAG GTG GGT CAA CTC CCA CCA CTT CTT AGC TG 52.6 P. pustulosus 
Pair 3 AGC GTT CCA TAA AGG CTT GTT AGG GCT CCC AGC GTC T 54.2 X. tropicalis, P. pustulosus 
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Table 5.2. Percent sequence similarity (and identity) in predicted Arc protein sequence 
among vertebrates.  
 
 
 
 
 
 
1Genbank No. AJ272062 
2Genbank No. EF076776.1 
3Genbank No. AAA68695.1 
4Genbank No. AF193421.1 
 X. tropicalis P. pustulosus 
chicken1 60 (40) 60 (41) 
zebra finch2 61 (41) 62 (41) 
rat3 59 (41) 59 (42) 
human4 57 (41) 57 (42) 
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Table 5.3. Relative abundance of Arc mRNA expression in wild-caught female túngara 
frogs. 
Area Arc Expression 
Olfactory bulb ++++ 
dorsal Medial Pallium ++++ 
ventral Medial Pallium ++ 
Ventral Pallium ++++ 
Lateral Pallium ++++ 
Dorsal Pallium +++ 
Striatum + 
Septum (dorsal, ventral, medial, lateral) ++++ 
Lateral Amygdala  +++ 
Medial Amygdala +/++ 
Preoptic Area +++ 
Hypothalamus + 
Thalamus ! 
Torus semicircularis, laminar and principal nucleus + 
Optic tectum ! 
Tegmentum ! 
Hindbrain ! 
Undetectable, !; low, +; moderate, ++; high, +++ ; very high, ++++ 
!
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Figure Legends 
 
Figure 5.1. Specificity of our Arc riboprobe. (A) Inverted darkfield images of transverse 
sections of the olfactory bulb in chorus stimulated animals hybridized with antisense or 
sense riboprobes (scale bar represents 500 !m). Excess tissue surrounding brain section 
was removed for clarity. (B) Northern blot of total liver and brain RNA hybridized with an Arc 
antisense riboprobe with approximate positions of molecular size markers (left). Images 
were adjusted for contrast. 
 
Figure 5.2. Photomicrographs of Nissl-stained túngara frog brain tissue and corresponding 
schematic diagrams showing cytoarchitecture of areas in which Arc was sampled in the 
telencephalon (A), preoptic area (B), hypothalamus (C), and auditory midbrain (D).  Boxes 
indicate sampling window. Bottom panel (E) shows the approximate level of transverse 
sections shown in A-D. Photomicrographs taken with a 5" objective. Scale bar represents 
200 !m. 
 
Figure 5.3. Comparison of Xenopus tropicalis and Physalaemus pustulosus Arc predicted 
protein sequence to other known vertebrate sequences. Conserved residues are shaded by 
their percent identity to the consensus sequence (not shown), where the darkest shade 
represents that >80% of residues in a column agree with the consensus sequence, medium 
shade represents >60% agreement, lightest shade represents >40% agreement, and no 
shading represents < 40% agreement. Asterisks indicate regions that are conserved among 
all vertebrates. Open circles indicate regions that are conserved among members of the 
same class. See Table 5.2 for Genbank Accession Numbers. 
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Figure 5.4. Darkfield images showing typical levels of Arc expression in the olfactory bulb 
(A), pallium (B), septum (C), preoptic area (D), hypothalamus (E), and torus semicircularis 
(F) of wild-caught females. Scale bar represents 100 !m.  
 
Figure 5.5. Photomicrographs of Arc mRNA expression in females exposed to a mating 
chorus (left column) compared to females not exposed to sound (right column) in the dorsal 
medial pallium (A – B), lateral pallium (C – D), ventral pallium (E – F), striatum (G – H), 
medial septum (I – J), preoptic area (K – L), dorsal hypothalamus (M – N), and laminar 
nucleus of the torus semicircularis (O – P). Images were adjusted for contrast. Scale bar 
represents 20 !m.  
 
Figure 5.6. Temporal and spatial distribution of acoustically-induced Arc expression. (A) 
Time course of Arc induction in the dorsal medial pallium in response to 30 minutes of 
mating chorus (black bar). Filled circles represent mean fold-induction ( ± SE) of Arc mRNA 
expression relative to 0 h. Letters above data points denote significant differences between 
groups (Fisher’s least significant difference post hoc test, P < 0.05). (B) Arc mRNA 
expression in response to mating chorus (gray bars) relative to no sound (white bars) in 
select nuclei of the frog brain. Data are shown as mean fold-induction (± SE) relative to the 
no sound group. Asterisks above bars denote significant differences between groups (P < 
0.05). For abbreviations, see List of Abbreviations. 
 
Figure 5.7. Lack of selectivity of acoustically induced Arc mRNA expression. Mean ± SE Arc 
expression, shown as mean silver grains per cell, in the dorsal medial pallium (dMP), lateral 
pallium (LP), ventral pallium (VP), and medial septum (Sm) of túngara frogs exposed to 30 
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min of heterospecific calls, conspecific whine call, or conspecific whine-chuck call. P values 
refer to main effect of stimulus type (one-way ANOVA). 
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Figure 5.5 continued 
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CHAPTER VI  
Conclusions 
 
 Female mate preferences for elaborate sexual signals have been the subject of 
many theoretical and experimental studies. However, little attention has been given to 
understanding the neural processes underlying mate choice. In this dissertation, I addressed 
the overarching question: what are the neural mechanisms of female mate preferences? I 
focused on understanding sensory processing in order to explain how túngara frogs 
recognize appropriate mates and why females are more attracted to complex male signals 
than simpler signals. In doing so, my results provide insight into which brain areas are 
involved in processing conspecific signals, where conspecific call recognition may occur, 
and how signal attractiveness and acoustic complexity may be encoded in the brain.  
  
Significance 
 These findings are significant for two reasons. First, my research represents a 
noteworthy contribution to the field of frog neuroethology. Building upon recent studies using 
immediate early genes to map brain regions that are responsive to conspecific calls, my 
research demonstrates for the first time that a mating chorus can elicit activity in the pallium 
of túngara frogs (Chapter II). The pallium is a large region of the anuran forebrain that 
receives auditory input and which, in mammals and birds, governs higher-order sensory and 
cognitive functions. In anurans, little is known about the role of the pallium in processing 
conspecific calls. This is a particularly egregious gap when one considers the vast literature 
describing auditory responses to song in the songbird forebrain.  My research addresses 
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this gap by demonstrating egr-1 induction in response to túngara frog mating chorus in 
several regions of the pallium. Moreover, I showed that pallial activity was correlated with 
egr-1 in the auditory midbrain, but was not related to measures of movement or olfactory 
activity, suggesting that acoustically evoked egr-1 expression was a direct result of auditory 
stimulation (Chapter II). These results were supported by the results described in Chapter V, 
which demonstrate acoustically evoked Arc induction in the pallium in response to the same 
mating chorus. Arc expression also did not covary with movement, further supporting the 
idea that acoustically induced pallial activity is not related to motor output. Although pallial 
regions cannot be considered strictly auditory processing regions, my study shows that an 
acoustic stimulus is sufficient to evoke neural activity in several regions of the pallium. 
Although the functional role of the pallium is still unclear, these findings are consistent with 
the idea that the pallium is part of the acoustically responsive network of brain regions 
known as the “audio-limbic interface” that may serve motivational and mnemonic functions 
in frogs (Wilczynski and Endepols, 2007).   
 Compared with auditory responses in the songbird pallium, activity in the frog pallium 
does not appear to reflect the behavioral relevance of the acoustic stimulus. In songbirds, 
egr-1 and Arc expression is higher in response to conspecific song compared to 
heterospecific song (Leitner et al., 2005; Mello et al., 1992), and egr-1, but not Arc, varies 
with song complexity (Eda-Fujiwara et al., 2003; Gentner et al., 2001; Leitner et al., 2005). 
In Chapter V, I showed that the magnitude of Arc expression in the túngara frog pallium did 
not vary with species identity, although a recent study showed that egr-1 is higher in túngara 
females hearing conspecific calls compared to those hearing heterospecific calls 
(Chakraborty and Burmeister, unpublished).  Furthermore, activity in the frog pallium did not 
vary with call complexity, as measured by egr-1 (Chapter IV) or Arc expression (Chapter V). 
These findings suggest that although activity in the frog pallium is influenced by mating 
signals, the magnitude of IEG expression did not appear to encode the specific behavioral 
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relevance or attractiveness of the signal, unlike the songbird pallium. Our findings 
encourage further research to investigate the response characteristics of the frog pallium to 
determine its precise role, if any, in acoustic communication and mate choice.  
 In addition, my research contributes to our understanding of how conspecific signals 
are recognized by the frog brain. This research speaks to a fundamental question in 
neuroscience: how are biological signals represented in the brain? Frogs have proved 
fruitful models for addressing this question because male signals are relatively simple and 
the context in which communication occurs is one that is of fundamental importance to an 
individual’s reproductive success. In Chapter III, I demonstrate that the laminar nucleus of 
the torus semicircularis (Ltor), a region of the auditory midbrain, shows selective responses 
to acoustic stimuli that elicit species recognition. In túngara frogs, recognized stimuli include 
conspecific whines and sequential presentation of 800 + 500 Hz tones that mimic the 
whine’s descending frequencies, but not the same tones presented in ascending order (500 
+ 800 Hz) (Wilczynski et al., 1995). Because whine-like tones (800 + 500 Hz) elicited similar 
Ltor activity compared to the full conspecific whine, these results suggest that the Ltor is 
acting as an acoustic feature detector. Feature detectors are an efficient way for the brain to 
represent biological signals using the fewest possible neurons (Barlow, 1972). Although this 
study cannot determine whether species recognition emerges from feature detection in the 
Ltor alone or whether other brain nuclei also participate, these results are consistent with the 
idea that Ltor activation is sufficient to explain the behavioral decisions of female túngara 
frogs.  
 Second, understanding the neural mechanisms that allow females to distinguish 
between a more attractive and a less attractive male is important for both the study of 
behavior and the study of sexual selection. In Chapters IV and V, I address a question that 
is of interest to neuroethologists and evolutionary biologists alike: why do females prefer to 
mate with males displaying elaborate signals? At the proximate level, my study addresses 
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questions about the underlying neural processes that encode intraspecific differences in 
male signals and that influence the expression of behavioral preferences for one signal over 
another. However, ultimately, this type of study can also lead to a better understanding of 
what neural processes may influence or constrain the evolution of female mate choice and 
male signals. For example, inasmuch as the ability to discriminate between potential mates 
is a fundamental property of the nervous system, the underlying neural basis of this process 
is subject to selection. Females should be under selection pressure to choose mates that 
will increase their reproductive success or, conversely, males should be under selection to 
produce signals that are most effective in attracting females. Thus, one would expect female 
sensory systems to be more responsive to elaborated signals if they indicate greater male 
quality (e.g., Møller, 1988; Searcy and Nowicki, 2005; Zuk et al., 1990), or if elaborate male 
signals have evolved to exploit females’ pre-existing sensory or perceptual biases (Basolo, 
1990b; Basolo, 1995a; b; Guilford and Dawkins, 1993; Ryan, 1990; Ryan and Keddy-Hector, 
1992; Ryan and Rand, 1990). In Chapters IV and V, I tested the hypothesis that complex 
signals elicit greater neural responses than simpler signals in the female túngara frog brain 
using expression of the immediate early genes, egr-1 and Arc, as measures of neural 
activation. Contrary to my predictions, I found that the magnitude of the egr-1 response to 
simple and complex calls is similar in brain regions of the ascending auditory system, as 
well as in several forebrain regions involved in sexual behavior and decision-making 
(Chapter IV). I also failed to find evidence of a neural bias towards complex calls in the 
forebrain of female túngara frogs using Arc expression as a measure of neural activity 
(Chapter V). These studies indicate that complex calls do not stimulate more acoustically 
responsive neurons in the female brain than simple calls. Yet, despite the apparent lack of a 
neural response bias for whines with chucks, we must assume that the female brain can 
discriminate between complex and simple calls, because the females themselves can do so. 
Indeed, we have some evidence to show that after habituation of the egr-1 response to a 
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whine stimulus, activity in the Ltor is elevated in response to a whine + 3 chucks, indicating 
that the midbrain perceives the complex call as a different stimulus from the whine (Glaeser, 
Mangiamele, and Burmeister, unpublished). Thus, although these studies do not reveal the 
mechanisms by which more-preferred and less-preferred male signals are differentially 
represented in the brain, they represent an important first step in addressing the issue of 
whether behavioral selectivity can be explained by neural activity and they raise several 
questions for future research.  
 
Future Directions 
 My research makes some important advances towards understanding the neural 
mechanisms that underlie call recognition and female mate preferences in túngara frogs; 
however, some interesting questions emerged in the course of this research that could 
provide the basis for future studies. First, I found that call recognition could emerge from 
neural activity in the Ltor, a region of the frog auditory midbrain (Chapter III). However, the 
question now becomes, how is recognition behavior (i.e., selective phonotaxis) generated? 
Does it emerge from descending connections from the Ltor to motor regions in the medulla 
and spinal cord, without the involvement of forebrain motor regions? Or do motor regions in 
the forebrain also show selective responses to acoustic stimuli that elicit phonotaxis 
behavior, suggesting that auditory information from the Ltor is transmitted forward? Future 
research will extend this study to examine forebrain regions that are involved in regulating 
sexual behavior (e.g., striatum, preoptic area) in order to test the hypothesis that recognition 
behavior emerges from differences in activity in response to acoustic signals. 
 Second, additional studies are needed to reveal the precise mechanisms by which 
the brain distinguishes between a whine and a whine-chuck call. As with many immediate 
early gene studies, the disadvantage of measuring egr-1 or Arc via radioactive in situ 
hybridization is that we cannot measure neural activity with cellular resolution. While I found 
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that the overall level of activity within each brain region is similar in response to whines and 
whines with chucks, it is possible that different subpopulations of cells are responding to 
whines and whines with chucks, or to their acoustic components. To address this possibility, 
future experiments should employ electrophysiology to identify auditory neurons that are 
sensitive to the acoustic features of each conspecific call. For instance, one could compare 
neurophysiological responses (e.g., action potential firing rate) to whine and whine + 
chuck(s) stimuli in individual neurons at multiple levels in the ascending auditory pathway. 
Identification of neurons selective for whines with chucks would then allow for further 
investigation into which aspects of the complex call elicit such selectivity. Examples of 
possible experimental stimuli include chucks (without the whine) and whines with “half 
chucks” containing only the upper or lower harmonics. Identifying how the female brain 
encodes a whine-chuck would help us to better understand how preferences for call 
complexity are generated and why female preferences are sometimes quite permissive. It 
would also allow us to better understand the constraints placed on male signals by the 
sensory systems of female receivers and to generate predictions about the evolution of male 
signals and female preferences.  
 Finally, I tested the hypothesis that female conspecific call preferences in the túngara 
frog can be explained by the magnitude of the neural response elicited by complex calls 
compared to simple calls. Although I failed to find neural activity biases towards complex 
calls, it is possible that a different mechanism underlies female preferences for elaborate 
male signals. Ryan (1994) identified three possible proximate mechanisms that could 
explain female preferences for extreme signals: (1) more elaborate signals elicit greater 
neural stimulation than simpler signals; (2) sensory systems are tuned higher or lower than 
the population mean value of a signal; and (3) variation and complexity in male signals 
releases the central nervous system from habituation, thereby preventing the decrease in 
neural responsiveness that occurs with repeated stimulation. I tested the first hypothesis, 
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while previous studies have addressed the second mechanism (e.g., Ryan et al., 1990). 
Túngara frogs also offer a good opportunity to test the third possible mechanism. 
Habituation is a decrement in the neural response after repeated presentation of a specific 
stimulus. In habituated neurons, a full response can be recovered by subsequent 
presentation of a novel stimulus (Chew et al., 1995). Preliminary results in our lab show that 
repeated exposure to a whine call for a long period of time (> 2 hr) will lead to habituation of 
the egr-1 response in the auditory midbrain of túngara frog males, and subsequent exposure 
to a whine + 3 chucks, but not to a whine from a different male, elicits recovery of the 
habituated response (Glaeser, Mangiamele, and Burmeister, unpublished). These results 
are interesting because they are consistent with the interpretation that complex stimuli may 
be more effective at preventing neural habituation, or are at least more effective at eliciting 
response recovery, although further studies are needed to confirm this result. In real world 
situations, it is possible that neural habituation to conspecific calls can occur in female 
túngara frogs in the midst of a chorus of repeatedly calling males. Thus, the production of a 
whine-chuck call could elicit a sudden recovery of neural activity, and consequently enhance 
detection and increase the caller’s chances of being chosen. To address this intriguing 
possibility, several additional studies are needed to characterize the habituation response in 
female túngara frogs. For instance, can habituation of the egr-1 response also occur when a 
whine + 3 chucks is played repeatedly? What acoustic features of the whine + 3 chucks 
stimulus are necessary to elicit neural response recovery? Are other types of stimuli that 
females find attractive, such as a whine + white noise burst, also able to elicit response 
recovery? In addition, electrophysiological studies are needed to confirm that neural 
habituation happens on a time scale that is relevant for behavior. For example, in zebra 
finches, multiunit neurophysiological activity decreases by 40-60% after just 11 min of 
repeated song, while recovery of the full strength response can occur after just one novel 
song presentation (10 sec) (Chew et al., 1995; Stripling et al., 1997). The studies described 
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above, combined with our knowledge of female call preferences, would make the túngara 
frog a powerful system for studying the cellular and genomic basis of the perceptual 
mechanisms underlying female mate choice. 
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